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Preface

Fungal infections represent a worldwide healthcare problem. They are estimated to 
occur in over a billion people each year, and recent evidence suggests the rate is 
increasing. Vaccines are not available and, particularly in immunocompromised 
hosts and critically ill patients, the management of invasive fungal diseases (IFDs) 
is a challenging endeavor associated with unacceptable mortality and morbidity 
rates. Critical risk factors for IFD include hematologic malignancies, stem cell or 
solid organ transplantation, primary or acquired immunodeficiencies, and long-term 
intensive care treatment and immunosuppressive therapy. Despite the availability of 
a broad spectrum of antifungal drugs, successful treatment of IFD is often hampered 
by limitations in diagnostic approaches that do not allow a rapid and reliable iden-
tification of infection, and in the assessment of host-derived biomarkers of suscep-
tibility. Of note, the risk of IFD and its clinical outcome vary remarkably even 
among patients with similar predisposing clinical conditions and microbiological 
exposure. Since there is no evidence for geographical or genomic factors influenc-
ing fungal virulence, susceptibility to IA is thought to depend mainly on genetic 
predisposition and degree of pathogen exposure, with interactions between the two 
likely contributing substantially to the risk of infection.

The inter-individual variability in the development and progression of IFD raises 
fundamental questions about their actual pathogenesis. Clinical and epidemiologi-
cal studies have reported an increasing number of both monogenic defects and com-
mon polymorphisms associated with susceptibility to fungal disease. The study of 
genetic variation regulating the immune response provides important insights into 
the human immunobiology by pinpointing directly relevant immune molecules and 
pathways. Genetic studies of susceptibility to infection have typically focused on 
defects of antibody production, lack of T cells, phagocytes, natural killer cells, or 
complement, each of which can cause a classic immunodeficiency syndrome. More 
recently, genetic defects that impair pathogen recognition by the innate immune 
system and increase susceptibility to selected fungi have also been reported.

This book responds to a pressing demand for timely and authoritative informa-
tion offering a comprehensive overview of the current state of the art of immunoge-
netics of fungal diseases. Worldwide leading experts in the field address ongoing 
developments in the elucidation of the genetic bases regulating the molecular and 
cellular processes that contribute to human susceptibility to fungal disease in both 
patients with primary and acquired immunodeficiencies. Moreover, genetics of 
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susceptibility to fungal disease is discussed within possible strategies aimed at 
decoding the host-fungus dialogue and at its exploitation towards personalized 
medical interventions. The discovery of accurate and reliable genetic markers of 
susceptibility may be a turning point towards innovative clinical tools to predict risk 
and severity of disease, efficacy of antifungal prophylaxis and therapy, and eventu-
ally contribute to the successful design of antifungal vaccines and patient-tailored 
immunotherapy.

Braga, Portugal� Agostinho Carvalho

Preface
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1Fungal Infections in Primary 
and Acquired Immunodeficiencies

Sarah P. Georgiadou and Dimitrios P. Kontoyiannis

Abstract
IFIs are important causes of morbidity and mortality in patients with either pri-
mary or acquired immunodeficiency. A wide spectrum of invasive mold and 
yeast infections are variably implicated depending on the type of immune deficit. 
A high index of suspicion is needed as prompt diagnosis of IFIs remains a chal-
lenge. Establishment of diagnosis is based on host factors, clinical evidence, and 
microbiological examination. Advancement in molecular diagnostic methods 
(e.g. serum biomarkers such as 1,3-β-D-glucan or galactomannan) and high-
resolution radiological imaging has improved our diagnostic evaluation. The 
antifungal armamentarium has expanded rapidly in the past few decades.

Abbreviations

CGD	 Chronic granulomatous disease
CNS	 Central nervous system
HSCT	 Hematopoietic stem cell transplantation
IA	 Invasive aspergillosis

mailto:dkontoyi@mdanderson.org
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IC	 Invasive candidiasis
IDSA	 Infectious Diseases Society of America
IFI	 Invasive fungal infection
IPA	 Invasive pulmonary aspergillosis
SOT	 Solid organ transplantation

1.1	 �Introduction

IFIs important causes of morbidity and mortality in patients with either primary or 
acquired immunodeficiency. A wide spectrum of invasive mold and yeast infections 
are variably implicated depending on the type of immune deficit. A high index of 
suspicion is needed as prompt diagnosis of IFIs remains a challenge. Establishment 
of diagnosis is based on host factors, clinical evidence, and microbiological exami-
nation. Advancement in molecular diagnostic methods (e.g., serum biomarkers such 
as 1,3-β-D-glucan or galactomannan) and high-resolution radiological imaging has 
improved our diagnostic evaluation. The antifungal armamentarium has expanded 
rapidly in the past few decades. Initiation of antifungal treatment requires careful 
consideration of several factors such as risk stratification, local fungal epidemio-
logic patterns, concomitant comorbidities, drug interactions, prior history of anti-
fungal use, and the pharmacologic profile of the antifungal agents. In this chapter, 
we discuss the most common IFIs in patients with either primary or acquired 
immunodeficiencies.

1.2	 �Primary Immunodeficiencies

The term primary immunodeficiency disease represents a group of heterogeneous 
disorders resulting from inherited defects of the immune system. Depending on 
which component of the immune system is affected, a number of isolated and pleio-
tropic immune defects have been described, including humoral immune deficien-
cies, immunodeficiencies of lymphocytes and natural killer (NK) cells, and disorders 
resulting from phagocytic and complement defects. Primary immunodeficiencies 
are usually diagnosed during early life (with more than 80% of cases diagnosed 
before the third decade of life) and may present with recurrent, protracted, or life-
threatening infections caused by common pathogens or with infections caused by 
opportunistic agents, including fungi. As an effective host immune response against 
fungal organisms depends on the coordinated contribution of both innate and adap-
tive immunity [1], IFIs are more common and severe in patients with profound 
innate defects of the macrophage/monocyte axis with or without defects in T-cell 
function (Table 1.1).

S.P. Georgiadou and D.P. Kontoyiannis
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Table 1.1  Summary of primary immunodeficiencies and associated fungal infections

Disease Fungal infections

Phagocytic disorders

 � Chronic granulomatous 
disease

Candida, Aspergillus, Rhizopus, Scedosporium, Trichosporon, 
Paecilomyces, Acremonium, Exophiala, Penicillium, Absidia, 
Fusarium, Microascus, Inonotus, Chrysosporium, 
Cladophialophora, Neosartorya, Alternaria

 � Myeloperoxidase 
deficiency

Candida

 � Leukocyte adhesion 
deficiency

Candida, Aspergillus, Fusarium

 � Congenital neutropenias Candida, Aspergillus, Mucor

 � Defects in the IFN-γ/IL-12 
axis

Endemic fungi (Histoplasma, Paracoccidioides)

 � Chédiak-Higashi 
syndrome

NS

Cellular and combined immunodeficiencies

 � Severe combined 
immunodeficiency

Candida, Aspergillus, Cryptococcus, Acremonium

 � DiGeorge syndrome Aspergillus

 � X-linked hyper-IgM 
syndrome

Candida, Cryptococcus, Histoplasma, Paracoccidioides

 � Wiskott-Aldrich syndrome Candida, Aspergillus

Humoral immunodeficiencies

 � Common variable 
immunodeficiency (CVID)

Candida, Aspergillus, Histoplasma, Penicillium, Trichophyton

 � X-linked/autosomal 
recessive 
agammaglobulinemia

NS

 � IgA deficiency NS

 � IgG subclass deficiency NS

Complement

 � Classic, late or alternative 
complement defects

NS

 � Mannose-binding lectin 
pathway defects

Candida, Aspergillus

Other primary immunodeficiencies

 � Hyper-IgE syndrome Candida, Aspergillus, Endemic fungi (Histoplasma, 
Coccidioides), Cryptococcus, Trichosporon, Penicillium, 
Scedosporium

 � Chronic mucocutaneous 
candidiasis

Candida, Cryptococcus, Histoplasma

 � GATA2 deficiency Candida, Aspergillus, Histoplasma

 � CARD9 deficiency Candida, Trichophyton, Phialophora, Exophiala

NS not susceptible

1  Fungal Infections in Primary and Acquired Immunodeficiencies
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1.2.1	 �Phagocytic Disorders

1.2.1.1	 �Chronic Granulomatous Disease
Chronic granulomatous disease (CGD) is a genetically heterogeneous condition 
characterized by recurrent, severe bacterial and fungal infections and excessive 
inflammatory reactions leading to granuloma formation [2]. CGD is caused by 
defects (absence or malfunction) in the phagocyte nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase. This enzymatic defect results in the inability of 
phagocytes to destroy certain catalase-producing bacteria (such as Staphylococcus 
aureus, Nocardia spp., and Gram-negative bacteria, such as Serratia marcescens, 
Burkholderia cepacia, and Salmonella spp.) as well as fungi [3–6]. The diagnosis 
is made by neutrophil function testing, and the exact defect is determined by geno-
typing [7]. The frequency of CGD has been estimated to range between 1/200,000 
and 1/250,000 live births [8]. The disease primarily affects males as most muta-
tions are X-linked; less patients carry an autosomal recessive form [8, 9]. CGD is 
the primary immunodeficiency with the highest incidence of fungal infections. 
Most IFIs among CGD patients are caused by Aspergillus spp. and, to a lesser 
extent, by Candida spp. and other fungi [10–13]. The frequency of, and mortality 
from, IFIs has been markedly reduced since the advent of itraconazole prophylaxis 
and the use of voriconazole and posaconazole for treatment of filamentous fungal 
infections (e.g., Aspergillus) [14]. The prolonged prophylactic use of interferon 
(IFN)-γ in patients with CGD appears to be safe although significant reduction in 
the frequency of serious infections and mortality remains controversial [15, 16]. 
However, IFIs continue to occur, even in the era of routine prophylaxis with tri-
azoles, and remain the leading cause of infectious death in CGD [5, 17].

Aspergillus infections in CGD patients: Aspergillus spp. constitute a major 
pathogen, being responsible for one-third of all deaths. Aspergillus fumigatus and 
A. nidulans are the most commonly isolated species [18]. Importantly, A. nidulans 
infections are seldom reported in other immunocompromised patients, indicating 
a unique interaction between this fungus and the CGD host and leading to more 
severe implications than that of A. fumigatus [19, 20]. The lungs, the liver, and 
bones are the most commonly affected organs [18, 21]; however, chronic lym-
phatic and skin involvement have also been described [5]. Most cases of IPA are 
suggested on routine chest imaging. Of note, the serum biomarkers such as galac-
tomannan and 1,3-β-D-glucan are of limited value in CGD. Radiographic findings 
of pulmonary disease include segmental and multilobar consolidation, perihilar 
infiltrates, multiple small nodules, peripheral nodular masses, and pleural effu-
sions. In contrast to neutropenic patients, the incidence of “classic” radiological 
signs of lung infection such as the halo, air crescent, and other signs of cavitation 
appears low [22]. Routine use of itraconazole for prophylaxis has been imple-
mented for almost 15  years, although posaconazole may be an alternative. 
Management of IA typically requires prolonged courses of antifungal therapy. 
Surgery may be required for complete resolution in selected cases, especially in 
the setting of osteomyelitis or infections due to A. nidulans [21, 23, 24]. In the 
case of refractory or life-threatening IA, other interventions may be considered as 
adjunctive therapy. Transfusion of granulocytes from healthy donors may 

S.P. Georgiadou and D.P. Kontoyiannis
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partially restore the patient’s impaired phagocytic activity and potentially improve 
outcome [25]. IFN-γ has also been used as adjunctive therapy of IA in CGD 
patients in a number of case reports though its effectiveness is controversial [16, 
26, 27]. HSCT is the only curative strategy for CGD and may be appropriate in 
selected patients with refractory IA [28].

Candida infections in CGD patients: Candida is considered an uncommon 
pathogen in the CGD population. In a recent review of 68 cases of non-Aspergillus 
IFIs in 65 CGD patients, only six cases (8.8%) were due to Candida infections and 
the main sites of involvement were the liver, the spleen, skin, and soft tissue [29]. 
In the US registry of 368 CGD patients, Candida spp. were isolated from 20% of 
meningitis cases (the most common cause), 11% of fungemia cases, 7% of sup-
purative adenitis cases, 4% of subcutaneous abscesses cases, 2% of liver abscesses, 
and 2% of pneumonia cases [8]. In the largest European cohort to date of 429 
patients with CGD, Candida spp. were isolated from 3% of patients with septice-
mia, 2% of those with pneumonia, <1% of liver abscesses, and 0.5% with lymph-
adenitis [28]. There are no data on the relative frequency of different Candida spp. 
isolated from CGD patients. A number of antifungal agents, including azoles, echi-
nocandins, and amphotericin B, have been used in the treatment of Candida infec-
tions in CGD patients. Immunotherapy with IFN-γ has also been proposed for the 
treatment of IC in CGD patients, either for prevention or adjunctive therapy [29].

Other fungal infections in CGD patients: Data concerning non-Aspergillus 
IFIs in CGD patients are limited in the description of individual cases or small 
case series. Nevertheless, such infections are far less common than IA in this 
patient population. Among other IFIs in these patients, Paecilomyces spp. have 
been frequently reported, being the third most common cause of osteomyelitis 
in the US registry of 368 CGD patients (8% of cases) and the cause in 1% of 
pneumonia cases [8]. Nonetheless, in a recent review of 68 cases of non-Asper-
gillus IFIs in 65 CGD patients, the most prevalent fungal infections were asso-
ciated with Mucorales spp. and Trichosporon spp. found in nine cases each 
(13.2%), followed by Scedosporium spp. in eight cases (11.7%) and 
Paecilomyces spp. in six cases (8.8%). The most commonly affected organs 
were the lungs, skin and soft tissue, gastrointestinal tract, liver, and central 
nervous system [29].

A number of other fungal species have also been reported sporadically to cause 
IFIs in CGD patients, including Acremonium, Exophiala, Penicillium, Absidia, 
Fusarium, Chrysosporium, Cladophialophora, Neosartorya, and Alternaria [10, 
11, 29]. As the literature on non-Aspergillus IFIs in patients with CGD is scat-
tered, it is difficult to define the best treatment for each of these rare infections.

1.2.1.2	 �Myeloperoxidase Deficiency
Myeloperoxidase (MPO) deficiency is an autosomal recessive inherited disorder, 
with a variable clinical phenotype. It is the most common primary phagocyte disor-
der as 1 in 4000 individuals has complete MPO deficiency, whereas 1 in 2000 has a 
partial defect [30, 31]. Myeloperoxidase is the most abundant enzyme in the azuro-
philic granules and plays a critical role in bacterial killing by neutrophils and mono-
cytes [32].

1  Fungal Infections in Primary and Acquired Immunodeficiencies
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More than 95% of MPO-deficient patients are entirely asymptomatic. Of the 
small percentage of MPO-deficient patients with clinical findings, infections due to 
different Candida strains are the most frequently reported [30]. Mucocutaneous, 
meningeal, and bone infections, as well as sepsis, have been described [33–35]. The 
susceptibility to invasive Candida infections appears to be increased in the presence 
of other comorbidities, especially diabetes mellitus [36]. Antifungal prophylaxis is 
not routinely recommended.

1.2.1.3	 �Leukocyte Adhesion Deficiency
Leukocyte migration to sites of inflammation is a dynamic process, involving mul-
tiple steps in an adhesion cascade. Various adhesion molecules are expressed on 
both resting and stimulated endothelial cells and leukocytes. Defects in a number of 
these adhesion molecules result in rare, inherited leukocyte adhesion deficiency 
(LAD) syndromes and are typically diagnosed very early in the neonatal period: 
LAD I, in which the β-2-integrin family is deficient or defective; LAD II, in which 
the fucosylated carbohydrate ligands for selectins are absent; LAD III, in which 
activation of all β-integrins is defective; and LAD IV, with Rac2 (Ras-related C3 
botulinum toxin substrate 2) deficiency, which is involved in the regulation of 
NADPH oxidase and the actin cytoskeleton. Although the infection burden of these 
newborns might be severe, only a few case reports have shown increased suscepti-
bility of these patients to IFIs caused by Candida spp., Aspergillus spp., and 
Fusarium spp. [37–39].

1.2.1.4	 �Congenital Neutropenias
The term “congenital neutropenia” is used to indicate neutropenia starting at or 
around birth, due to a primary bone marrow failure syndrome. It refers primarily to 
the following three conditions: severe congenital neutropenia (Kostmann syn-
drome), cyclic neutropenia, and Shwachman-Diamond syndrome. Interestingly, 
despite the protracted neutropenia, IFIs are infrequent in these patients whose other 
immune functions are intact. Nevertheless, a few cases with IFIs due to Candida 
spp., Aspergillus spp., and mucormycosis have been published [40–43]. Treatment 
with recombinant human granulocyte colony-stimulating factor (G-CSF) increases 
neutrophil count and decreases the incidence of severe infections; in the absence of 
response to G-CSF, HSCT is indicated [44, 45].

1.2.1.5	 �Defects in the IFN-γ/IL-12 Axis
This heterogeneous group of immune disorders is caused by defects in components 
of the IL-12, the IL-12 receptor, or the IFN-γ receptor. IL-12 is the main stimulus 
for production of IFN-γ by Th1 T cells and NK cells; IFN-γ is a critical cytokine in 
the development of innate and adaptive immune responses to a variety of infectious 
agents [46]. Patients with these defects have been reported to develop disseminated 
infections caused by endemic mycoses (H. capsulatum and Paracoccidioides brasil-
iensis) [47, 48].

S.P. Georgiadou and D.P. Kontoyiannis
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1.2.1.6	 �Chédiak-Higashi Syndrome
Chédiak-Higashi syndrome (CHS) is a rare autosomal recessive disorder with 
severe congenital neutropenia that is characterized by recurrent pyogenic infections, 
hypopigmentation, progressive neurologic dysfunction, and mild coagulation 
defects. Eighty percent of these patients develop eventually the “accelerated phase” 
of the disease characterized by massive lymphohistiocytic infiltration of virtually all 
organ systems which is frequently lethal. Optimal treatment is HSCT [49]. However, 
these patients do not exhibit increased susceptibility to IFIs.

1.2.2	 �Cellular and Combined Immunodeficiencies

1.2.2.1	 �Severe Combined Immunodeficiency
Severe combined immunodeficiency (SCID) is a syndrome caused by mutations 
in different genes whose products are essential for the development and function 
of both T and B cells. In some cases, the molecular defect results in isolated 
T-cell dysfunction or T-cell lymphopenia, while B-cell numbers are normal. 
However, since B cells depend on signals from T cells to produce antibodies, 
serious T-cell dysfunction typically affects humoral immunity. NK cells are pres-
ent in approximately 50% of patients with SCID and may partially provide pro-
tection against bacterial and viral infections in these patients. The incidence of 
SCID is estimated to be 1:50,000–1:500,000 live births. More than half of SCID 
cases are X-linked [50, 51]. The classic symptoms of SCID are chronic diarrhea, 
failure to thrive, and severe recurrent infections that are almost always fatal in 
the first year of life without treatment [52, 53]. Intracellular pathogens are usu-
ally implicated (especially Pneumocystis jiroveci), viruses, bacteria, and fungi 
[54–56].

Regarding IFIs, persistent mucocutaneous Candida spp. infection is frequent 
[57]. Moreover, cases of C. albicans meningitis and IPA in patients with SCID have 
been described [55, 58–60]. Sporadic cases of other rare fungal infections have also 
been reported: a severe disseminated cryptococcal infection in a 23-month-old boy 
[61] and an invasive gastrointestinal infection due to Acremonium falciforme in an 
11-month-old girl with SCID who had received a haploidentical T-cell-depleted 
bone marrow transplantation [62]. The most common curative strategy for all forms 
of SCID is HSCT or, alternatively, gene therapy [63].

1.2.2.2	 �DiGeorge Syndrome (22q11.2 Deletion)
DiGeorge syndrome (DGS) is characterized by signs and symptoms associated with 
defective development of the pharyngeal pouch system. The classic triad of features 
of DGS on presentation is congenital cardiovascular abnormalities, hypoplastic thy-
mus, and hypocalcemia (resulting from parathyroid hypoplasia) [64]. Thymic hypo-
plasia in DGS results in a range of T-cell deficits. Most patients with DGS have mild 
defects in T-cell numbers and are not overtly immunodeficient. Nonetheless, 

1  Fungal Infections in Primary and Acquired Immunodeficiencies
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approximately 1% have a complete absence of thymic tissue and severe immunode-
ficiency. This form of DGS, called complete DGS, is considered to be a type of 
SCID with analogous clinical manifestations. A few cases of opportunistic IFIs 
such as pulmonary and disseminated aspergillosis have been described [65, 66].

1.2.2.3	 �X-Linked Hyper-IgM Syndrome
The hyperimmunoglobulin M (hyper-IgM or HIGM) syndromes include a het-
erogeneous group of conditions characterized by normal or increased levels of 
serum IgM associated with deficiency of IgG, IgA, and IgE and poor antibody 
function [67]. CD40 ligand (CD40L) deficiency is the most common form of 
hyper-IgM syndrome. It is inherited as an X-linked condition. The estimated 
minimal incidence is approximately 1  in 1,000,000 live births. This disease 
affects the interaction between activated CD4+ T cells and cell types express-
ing CD40 (B cells, dendritic cells, monocyte/macrophages, platelets, activated 
endothelial and epithelial cells) and leads to a combined cellular and humoral 
immunodeficiency [68]. The clinical phenotype of CD40L deficiency is marked 
not only by recurrent sinopulmonary infections but also by opportunistic infec-
tions and liver disease [67]. Pneumocystis jiroveci pneumonia is a common 
clinical feature [69]. Data from the HIGM syndrome registry of the Latin 
American Society for Immunodeficiencies (LASID) in 58 patients demon-
strated several IFIs including Candida (n  =  6), Aspergillus (n  =  2), 
Paracoccidioides brasiliensis (n  =  1), Histoplasma capsulatum (n  =  1), and 
Cryptococcus neoformans (n = 1) [70]. In a previous review of 79 patients from 
the national registry of the USA, the most common fungal pathogens impli-
cated were Candida, Cryptococcus, and Histoplasma [71]. Similarly, in a 
recent cohort of 11 HIGM patients, nine patients (82%) had IFIs such as P. 
jiroveci and Candida albicans and Paracoccidioides brasiliensis [72]. Cases of 
cryptococcal meningoencephalitis or disseminated disease have also been 
reported [73–76]. Treatment of hyper-IgM syndrome requires regular adminis-
tration of intravenous immune globulins. However, the only definitive cure for 
CD40L deficiency is HSCT [77, 78].

1.2.2.4	 �Wiskott-Aldrich Syndrome
Wiskott-Aldrich syndrome (WAS) is an X-linked disorder caused by mutations in 
the gene that encodes the Wiskott-Aldrich syndrome protein (WASp). WASp 
encodes a 502–amino acid protein that is expressed in hematopoietic stem cell lin-
eages and is associated with cell signaling and cytoskeleton reorganization. The 
main clinical features of WAS include susceptibility to infections related with adap-
tive and innate immune deficiency, thrombocytopenia, eczema, and increased risk 
for autoimmunity and malignancy [79]. WAS is a rare disorder with an estimated 
incidence of approximately 1 in 100,000 live births. Susceptibility to infections in 
patients with WAS depends largely upon the effect of the type of mutation on the 
WASp expression and function. Patients with severe WASp deficiency may have 
recurrent infections during early infancy, but in the majority of cases, the frequency 
of infections increases with age [80]. IFIs were reported in 12 out of 50 patients 
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(24%) with WAS, including three cases with aspergillosis and nine patients with 
candidiasis, all of them having either no detectable WASp or C-terminal-truncated 
WASp [81].

1.2.3	 �Humoral Immunodeficiencies

1.2.3.1	 �Common Variable Immunodeficiency (CVID)
Common variable immunodeficiency (CVID) is a congenital heterogeneous 
immunodeficiency disorder characterized by impaired B-cell differentiation with 
defective immunoglobulin production. CVID is defined by the markedly reduced 
serum concentrations of IgG, in combination with low levels of IgA and/or IgM, 
and poor or absent response to immunizations. Clinical manifestations of this 
disorder include recurrent infections, chronic lung disease, autoimmune disor-
ders, gastrointestinal disease, and a raised susceptibility to lymphoma [82, 83]. Its 
frequency is estimated to affect approximately as many as 1 in 25,000 individuals, 
being the most common form of humoral immunodeficiency in adults and chil-
dren [84]. Nonetheless, IFIs consist only of a very small proportion of these infec-
tions; in a single-center cohort study including 90 patients with CVID, only 0.9% 
of total infections were of fungal origin, including one case with IPA [85]. Case 
reports of various IFIs such as hepatic abscess due to Aspergillus terreus, allergic 
bronchopulmonary aspergillosis, disseminated histoplasmosis, and systemic 
Penicillium marneffei infection have been published [86–90]. Increased suscepti-
bility to superficial infections such as oropharyngeal candidiasis and nail infec-
tions with Candida albicans and Trichophyton mentagrophytes has been also 
demonstrated [91, 92].

Replacement immunoglobulin is the standard treatment, although there are few 
consistent data on optimal dosages and target trough IgG levels required for infec-
tion prevention [93, 94].

1.2.3.2	 �X-Linked/Autosomal Recessive Agammaglobulinemia: IgA 
Deficiency and IgG Subclass Deficiency

X-linked agammaglobulinemia (XLA) is a primary humoral immunodeficiency 
characterized by severe hypogammaglobulinemia, antibody deficiency, and 
increased susceptibility to infections due to mutations in the gene encoding Btk 
(Bruton’s tyrosine kinase). Clinical manifestations are generally overt between 3 
and 18 months of age [95]. XLA is a rare disorder with estimated frequency of 1 in 
190,000 male births [96].

Autosomal recessive agammaglobulinemias (ARAs) are characterized by the 
same clinical and laboratory features of XLA with variable mutations in the genes 
contributing to the maturation and function of B cells [97–99].

Selective IgA deficiency (sIgAD) is defined as the isolated deficiency of serum 
IgA with normal serum levels of IgG and IgM. It is the most common immuno-
logic defect with an estimated frequency of 1 in 100 to 1 in 1000 individuals in 
Caucasian, Black, and Arab populations [100]. The clinical manifestations of 
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sIgAD are variable, ranging from no symptoms to recurrent infections, most often 
affecting the sinopulmonary or the gastrointestinal tract, and autoimmune disor-
ders [101].

IgG subclass deficiency is defined as the relative lack of one or more IgG sub-
classes (there are four IgG subclasses: IgG1, IgG2, IgG3, and IgG4) with a nor-
mal concentration of total serum IgG; affected patients have recurrent severe 
infections [102].

Nevertheless, patients with either of the above disorders do not generally demon-
strate increased susceptibility to IFIs.

1.2.4	 �Complement

1.2.4.1	 �Classic, Late, or Alternative Complement Defects
Most inherited disorders of the classical pathway components belong to autosomal 
recessive forms. Defects in components of the alternative pathway, including factor 
D and properdin, are rare and inherited with an X-linked way. The main clinical 
manifestations in patients with deficiencies in the components of the classical or 
alternative complement pathway are autoimmune disorders and recurrent infections 
with encapsulated bacteria such as Streptococcus pneumoniae, Haemophilus influ-
enzae type b, and Neisseria meningitides [103, 104]. Patients with either of the 
above disorders do not generally exhibit increased susceptibility to IFIs.

1.2.4.2	 �Mannose-Binding Lectin Pathway Defects
Mannose-binding lectin (MBL) is a recognition molecule of the lectin pathway of 
complement and a key component of innate immunity. The MBL pathway defect has 
been classified as a commonly occurring immune disorder, affecting approximately 
30% of the human population [105, 106]. Several studies suggest MBL deficiency is 
associated with various manifestations of aspergillosis and candidiasis [107–109].

1.2.5	 �Other Primary Immunodeficiencies

1.2.5.1	 �Hyper-IgE Syndrome
Hyper-IgE syndrome (HIES) or “Job syndrome” is a rare complex primary immunode-
ficiency disorder characterized by recurrent skin and sinopulmonary infections; chronic 
eczematous dermatitis; connective tissue, skeletal, vascular, and dental abnormalities; 
eosinophilia; and elevated serum IgE levels. In addition to elevated levels of serum IgE, 
there are also defects in polymorphonuclear leukocyte chemotaxis and associated 
immune regulatory defects. Dominant-negative mutations in the signal transducer and 
activator of transcription 3 (STAT3) gene result in the classical multisystem form of 
HIES with variable penetrance, whereas a null mutation in the tyrosine kinase 2 
(TYK2) gene causes an autosomal recessive HIES with abnormalities limited to the 
immune system. In either case, signal transduction for multiple cytokines, including 
IL-6 and IL-23, is defective, resulting in impaired Th17 function [110–114].
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Sinopulmonary infections are usually of bacterial origin. Notably, pneumonias 
are frequently complicated by bronchiectasis, bronchopleural fistulae, and pneuma-
toceles. The latter can become superinfected with Aspergillus spp. In general, 
Aspergillus infections are not that rare in patients with HIES, especially when cavi-
tary lesions are present [115]. Cases of allergic bronchopulmonary aspergillosis, 
skeletal aspergillosis, and disseminated disease with brain lesions have been 
reported [116–118]. Patients with HIES are also at increased risk for superficial 
candidiasis such as mucocutaneous infection and Candida onychomycosis or severe 
disseminated and localized invasive infections such as Candida endocarditis or 
endophthalmitis [119–122]. Several other opportunistic yeast infections including 
endemic mycoses (ileocecal and rectal histoplasmosis and Coccidioides immitis 
meningitis), cryptococcal infections (meningitis, esophageal and colon infection), 
and Trichosporon asahii infection (generalized lymphadenopathy) have been 
described [123–131]: cases of recurrent pneumonia with lung abscesses caused by 
Penicillium marneffei and disseminated infection with Scedosporium prolificans 
have been reported [116, 132].

Recombinant human IFN-γ has been administered beneficially in a few 
patients with HIES, although a randomized controlled trial has not been con-
ducted yet. HSCT has also been reported in a small number of cases, with mixed 
outcomes [70, 133].

1.2.5.2	 �Chronic Mucocutaneous Candidiasis
Chronic mucocutaneous candidiasis (CMC) is a heterogeneous group of clinical 
disorders characterized by chronic noninvasive Candida infections of the skin, 
nails, and mucous membranes and associated autoimmune manifestations (mainly 
of endocrine system). A common immunologic abnormality is the failure of the 
patient’s T lymphocytes to produce cytokines that are essential for expression of 
cell-mediated immunity to Candida [134]. Autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy disorder (APECED), also known as autoimmune 
polyendocrine syndrome type 1, is a rare autosomal recessive disease where patients 
suffer from CMC as well as autoimmune polyendocrinopathy, most commonly 
hypoparathyroidism and adrenal insufficiency, and skin dystrophy [135].

Apart from Candida infections, a case of disseminated histoplasmosis with ful-
minant hemophagocytic syndrome and cases with cryptococcal infections have 
been reported in patients with CMC [134, 136].

1.2.5.3	 �GATA2 Deficiency
GATA2 deficiency is a germline disorder that causes a wide spectrum of phenotypes 
including viral and bacterial infections, cytopenias (typically monocytopenia, NK 
cell cytopenia, and B-cell lymphopenia), myelodysplasia, myeloid leukemias, pul-
monary alveolar proteinosis, and lymphedema. The age of clinical presentation 
ranges from early childhood to late adulthood [137]. In a recent review of 54 patients 
with GATA2 deficiency evaluated at the National Institutes of Health, severe fungal 
infections were observed in 16% of patients: IA in 9%, disseminated histoplasmosis 
in 5%, and mucosal candidiasis in 5% [138].
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1.2.5.4	 �CARD9 Deficiency
Caspase recruitment domain-containing protein 9 (CARD9) is an adaptor molecule 
that mediates intracellular signaling downstream of innate pattern recognition 
receptors that are involved in antifungal immunity. CARD9 deficiency is a recently 
reported autosomal recessive primary immunodeficiency characterized by increased 
susceptibility to fungal infections in otherwise healthy patients with severe forms of 
disease caused by Candida, Trichophyton, Phialophora, and Exophiala species 
[139–142]. Interestingly, in a recent study, the critical role of CARD9-dependent 
neutrophil trafficking into the CNS and the susceptibility of CARD9-deficient 
humans for CNS fungal infections with Candida were demonstrated [143].

1.3	 �Acquired Immunodeficiencies

During the last 30  years, the increasing frequency of organ transplantations, the 
advent of the human immunodeficiency virus epidemic, and the ever-increasing use 
of either old or novel immunosuppressive drugs have dramatically increased the 
population of patients with acquired immunodeficiencies and thus the incidence of 
IFIs causing potentially lethal disease. Undoubtedly, it has become essential for phy-
sicians to increase their awareness and understanding of medically important fungi.

1.3.1	 �Hematological Malignancies

1.3.1.1	 �Acute Leukemias/Myelodysplastic Syndrome
IFIs are one of the major causes of morbidity and mortality in patients with acute leu-
kemia (AL) and myelodysplastic syndrome. In a recent study, the cumulative probabil-
ity of developing IFI was found to be 11.1% at 100 days after the diagnosis of AL 
[144]. Individuals at increased risk for developing an IFI include those with neutrope-
nia (<500 neutrophils/mm3 for >10 days) [145]. Among AL, acute myeloid leukemia 
(AML) might present greater risk than acute lymphoid leukemia (ALL) in acquiring 
IFIs [146, 147]. The higher rate in AML is believed to be related to either an intrinsic 
functional defect or to a reduction in the absolute numbers of neutrophils at the start of 
treatment [148]. Unfortunately, IFIs continue to appear to be underdiagnosed antemor-
tem. A report identified IFIs in 314 of 1017 (31%) autopsies in patients with hemato-
logical malignancies, of which only 25% were identified antemortem [146]. Of note, 
during the past two decades, a significant decrease in the death rate due to IFIs was 
observed (44% during 1995–2000 vs. 28% during 2001–2004). The decline in mortal-
ity could be attributed to the higher suspicion of IFIs and more accurate diagnostic 
approaches, including non-culture-based serum biomarkers (1,3-B-D-glucan and 
Aspergillus galactomannan) and computed tomography (CT)-guided biopsy, as well as 
the availability of more potent broad-spectrum and less toxic antifungal agents such as 
the new triazoles and the lipid formulations of amphotericin B [147].

The vast majority of the IFIs are attributed to Aspergillus and Candida spp.; 
nevertheless the spectrum of fungal pathogens has changed in the last few decades. 
Specifically, these changes include reduction in the frequency of IC, increase in 
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azole-resistant non-C. albicans spp. (e.g., C. krusei and C. glabrata), increase in 
non-A. fumigatus spp., as well as increase in non-Aspergillus molds (e.g., fusariosis 
and mucormycosis). The explanation for these changes is rather multifactorial: 
increasing use of azole antifungals as prophylaxis, thus creating “selection pres-
sure,” and the use of autologous peripheral blood stem cell transplants and novel 
immunosuppressive agents [149].

IC most frequently affects the bloodstream, whereas lungs and sinuses are the most 
common sites for IA [144, 150]. The most frequent sites of infection for mucormycosis 
are the lung and sino-orbital [151, 152]. In one study in neutropenic leukemic patients, 
bloodstream infections were the site of infection in 93% (25 out of 27) patients with 
IC. The lungs (73%) were the most common site of infection, followed by the sinuses 
(17%) and disseminated disease (7%) in 41 patients with IA [153]. Another study 
found that the most frequent sites for infection of mucormycosis were the lungs (64%) 
and the orbito-sinus-facial structures (24%), while cerebral involvement and dissemi-
nated infection were observed in only 19% and 8% of the cases, respectively [151].

The European Organization for Research and Treatment of Cancer/Mycoses 
Study Group (EORTC/MSG) has developed standard diagnostic criteria based on 
host factors, microbiological and clinical evidence for IFI. These criteria categorize 
the degree of certainty of the diagnosis of IFI in patients with cancer and recipients 
of HSCT as proven, probable, and possible IFIs. The demonstration of fungal ele-
ment or positive culture from a site, accompanied by associated pathological, clini-
cal, or radiological evidence of tissue damage, establishes the diagnosis of an 
IFI. Opposite to IC, blood cultures have a very poor sensitivity for the detection of 
molds, aspergillosis and mucormycosis. In addition, invasive procedures required to 
obtain tissue specimen from leukemic patients with multiple comorbidities or coagu-
lopathy are undoubtedly challenging. Lately, serological biomarkers, 1,3-β-D-glucan 
and galactomannan assays, have been demonstrated as useful diagnostic tools for IFI 
diagnosis with high sensitivity and specificity, especially with serial sample monitor-
ing [154]. However, false positivity is still a possibility (e.g., use of certain β-lactam 
antibiotics, bacterial infections), as well as false-negative results (e.g., prior use of 
antifungal therapy) [155, 156]. Moreover, early use of high-resolution radiological 
modalities can help in detection of IFI in the early stage, which influences the out-
come. Lung CT findings, such as the halo sign, air crescent sign, or cavity within area 
of consolidation, may help establish the diagnosis of an angioinvasive fungal pneu-
monia. Especially, the halo sign is considered an early feature of IFI, and initiation of 
antifungal drugs when the halo sign is still present leads to improved outcome [157]. 
Similarly, target-like abscesses (bull’s-eye lesions) in the liver and/or spleen demon-
strated by CT, magnetic resonance imaging, or ultrasound may assist in the diagnosis 
of chronic disseminated candidiasis [154].

Early initiation of antifungal treatment is essential in this patient population, as 
delay in antifungal therapy is associated with an increased mortality [158, 159]. 
Broad-spectrum antifungal therapy in high-risk neutropenic patients with fever for 
3 or more days, and nonresponsive to broad-spectrum antibiotics, has been consid-
ered to be the standard of care and is characterized as empirical therapy. On the 
contrary, a treatment approach based on the prompt utilization of diagnostic sero-
logical tests in the face of possible IFI, as well as early radiological imaging, tissue 
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sampling, and cytological or histopathological examination, is characterized as pre-
emptive therapy [145]. A recent multicenter randomized non-inferiority trial of pre-
emptive versus empirical antifungal therapy in high-risk febrile neutropenic patients 
with hematological malignancies showed no difference in mortality, except for 
patients receiving induction chemotherapy for AML, in which empirical treatment 
may provide better survival rates [160].

The IDSA recommends the use of echinocandin or lipid formulation of 
amphotericin B (LFAMB) as the first-line treatment for candidemia in neutrope-
nic patients. Fluconazole is recommended for patients who are not critically ill 
and without prior azole exposure. Voriconazole is recommended when additional 
coverage for molds is desired. Of note, echinocandins are preferred for infections 
due to C. glabrata, fluconazole or LFAMB for C. parapsilosis, and echinocan-
din, LFAMB, or voriconazole for C. krusei. Candidemia without metastatic com-
plications requires at least a 2-week antifungal treatment after documented 
clearance of Candida from the bloodstream and resolution of neutropenia and 
symptoms attributable to candidemia. Intravascular catheter removal is recom-
mended, although controversial [161]. In addition, IDSA recommends voricon-
azole as the primary treatment of IA. LFAMB may be considered as alternative 
primary therapy [162]. Although frequently used, combination therapy is not 
routinely recommended based on the lack of convincing clinical data; neverthe-
less, in a recent phase III prospective, randomized, double blind trial, compared 
with voriconazole monotherapy, combination treatment with anidulafungin led 
to higher survival in a subgroup of patients who had an early galactomannan-
driven diagnosis of IA [163]. Moreover, addition of another antifungal agent or 
switch to another drug class for salvage therapy should be individualized. For 
salvage therapy, agents include LFAMB, caspofungin, micafungin, posacon-
azole, or itraconazole. Dosage regimens for treatment of IA and major toxicities 
of antifungal agents are shown in Tables 1.2, 1.3 and 1.4. Surgical resection of 
Aspergillus-infected tissue is recommended in selected patients with lesions that 
are contiguous with the great vessels. Therapy should be continued throughout 
the period of immunosuppression and until lesions have resolved [162]. 
Successful management of mucormycosis is dependent on the reversal of under-
lying predisposing risk factors, surgical debridement, as well as prompt antifun-
gal therapy. High-risk patients receiving voriconazole prophylaxis should be 
considered for empirical antifungal therapy with coverage against mucormyco-
sis. High dose of an LFAMB-based regimen is the cornerstone of primary ther-
apy [164]. Susceptibility to amphotericin B and triazoles is variable for Fusarium 
and the echinocandins offer no activity against this pathogen; thus, most experts 
would consider the use of voriconazole as first-line therapy for fusariosis [165, 
166]. Scedosporium spp. is intrinsically resistant to polyene antifungals, and 
third-generation triazoles are also considered first-line therapy for S. apiosper-
mum. Notably, S. prolificans is intrinsically resistant to all antifungal agents 
[167]. Regarding cryptococcosis, for CNS or other severe disease, current IDSA 
guidelines recommend amphotericin B plus flucytosine for 2 weeks, followed by 
fluconazole orally at 400–800 mg for up to 10 weeks, followed by a decreased 
dose of fluconazole (200 mg) for 6–12 months [168] (Table 1.4).
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1.3.1.2	 �Chronic Lymphoproliferative Disorders
IFIs seem to be a less frequent cause of morbidity and mortality in patients with 
chronic lymphoproliferative disorders. In a retrospective, monocentric study of 
42 patients with lymphoproliferative diseases, between January 2004 and 
February 2012, the incidence of probable/proven IFI was 3% (molds 2.3%, yeasts 
0.5%, mixed infections 0.2%). The overall rate of response to therapy was 64%. 
Fungal-attributable mortality rate was 17%, with a significant difference between 
molds and yeasts (16% vs. 25%). At univariate analysis, the only risk factors 

Table 1.2  Dosage regimens for treatment of aspergillosis

Drug Loading dose Daily dose Route

D-AMB – 1–1.5 mg/kg IV only

Lipid AMB – 3–5 mg/kg IV only

Itraconazole IV 200 mg bid × 2 days 200 mg IV

Itraconazole solution 200 mg bid × 2 days 200 mg PO

Posaconazole tabs 300 mg bid × 2 doses 300 mg PO

Posaconazole IV 300 mg bid × 2 doses 300 mg IV

Posaconazole (susp) - 200 mg q 6 h PO

Voriconazole IV 6 mg/kg q 12 h × 2 doses 4 mg/kg q 12 h IV

Voriconazole tabs – 200 mg q 12 h (>40 kg) PO

100 mg q 12 h (<40 kg)

Isavuconazole 200 mg tid × 2 days 200 mg IV

PO

Caspofungin 70 mg × 1 dose 50 mg IV

Micafungin – 100−150 mg IV

Anidulafungin 200 mg × 1 dose 100 mg IV

D-AMB amphotericin B deoxycholate, IV intravenous, PO per os (oral)

Table 1.3  Major toxicities of antifungal agents used for treatment of IFIs

Amphotericin B 
deoxycholate

Infusion-related reactions (headache, chills, hypotension); 
nephrotoxicity; hypokalemia; hypomagnesemia; anemia; nausea, 
vomiting; fever; localized phlebitis

Amphotericin B-lipid 
formulations

Infusion-related reactions (headache, chills, hypotension) (not 
common); nephrotoxicity (not common); peripheral edema; nausea, 
vomiting; hypokalemia; hypomagnesemia; anemia; hepatotoxicity

Flucytosine Anemia; leukopenia; thrombocytopenia; hepatotoxicity; 
nephrotoxicity; headache; rash; nausea, vomiting

Fluconazole Nausea, vomiting; headache; hepatotoxicity (rare); drug interactions

Itraconazole Nausea, vomiting; headache; hepatotoxicity (rare); pulmonary 
edema; drug interactions; neuropathy

Posaconazole Hepatotoxicity (rarely requires discontinuation); neuropathy (rare)

Voriconazole Visual; rash; nausea, vomiting; headache; hepatotoxicity; drug 
interactions; bone fluorosisa; increased risk for skin cancersa; 
neuropathy

Echinocandins Fever; nausea; flushing; rash; some drug interactions; phlebitis
aChronic use
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related to mortality were severe and prolonged neutropenia and age [169]. In 
another retrospective cohort study of patients admitted between 1999 and 2003 
to 18 hematology wards in Italy, of the 4301 patients with lymphoma (Hodgkin’s, 
844; non-Hodgkin’s, 3457), incidence of IFIs was 1.6% in non-Hodgkin’s dis-
ease (0.9% mold infections and 0.7% yeast infections) and 0.7% in Hodgkin’s 
disease (0.35% mold infections and 0.35% yeast infections), respectively. 
Attributable mortality was approximately 52–67% for aspergillosis and 19% for 
candidemia [170].

1.3.1.3	 �Multiple Myeloma
Patients with multiple myeloma (MM) are at increased risk for infection. Pyogenic 
infections especially due to S. pneumoniae, H. influenzae, and Escherichia coli and 
reactivation of latent viral infections are a leading cause of morbidity and mortality 
in patients with MM. The rate of infections is highest in the first 3–4 months of 
induction therapy and in the setting of relapsed disease. Factors that contribute to 
the increased risk of infection include impaired lymphocyte function, suppression 
of normal plasma cell function, hypogammaglobulinemia, chemotherapy-induced 
neutropenia, and novel immunomodulatory drugs [171]. The prevalence of IFIs in 
this population is low; in a recent study, the overall IFI rate was 2.4% with an inva-
sive mold infection rate of 0.8%. However, the number of lines of therapy was sig-
nificantly associated with an increased risk of developing an IFI.  This finding 
suggests cumulative exposure to immunosuppressive treatment, and disease burden 
is a greater determinant of IFI risk than type of individual therapy [172]. In a retro-
spective cohort study of patients admitted between 1999 and 2003 to 18 hematology 
wards in Italy, of the 1616 patients with MM, incidence of IFIs was 0.5% (0.3% 

Table 1.4  Therapy of invasive pulmonary aspergillosis (IPA)

Primary Alternative Comments

Voriconazole (6 mg/kg IV 
every 12 h for 1 day, followed 
by 4 mg/kg IV every 12 h; 
oral dosage is 200 mg every 
12 h) or isavuconazole 
loading dose of 200 mg three 
times daily either IV or orally 
for the first 2 days, then 
200 mg/day

Primary: L-AMB (3–5 mg/kg/day 
IV), isavuconazole 200 mg every 
6 h for 6 doses, then 200 mg daily

Primary combination 
therapy is not routinely 
recommended based on 
lack of clinical data; 
addition of another agent 
or switch to another drug 
class for salvage therapy 
may be considered in 
individual patients

Salvage: ABLC (5 mg/kg/day 
IV), caspofungin (70 mg/day IV × 
1, then 50 mg/day IV thereafter), 
micafungin (100–150 mg/day 
IV), posaconazole (dose depends 
on formulation), itraconazole 
(dose depends on formulation)

Prophylaxis against invasive aspergillosis

Posaconazole (200 mg every 
8 h)

Itraconazole (200 mg every 12 h 
IV for 2 days, then 200 mg every 
24 h IV) or itraconazole (200 mg 
PO every 12 h); micafungin 
(50 mg /day)

Efficacy of posaconazole 
prophylaxis 
demonstrated in high-risk 
patients (patients with 
GVHD and neutropenic 
patients with AML or 
MDS)
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mold infections and 0.2% yeast infections). Attributable mortality was approxi-
mately 75% for aspergillosis and 33% for candidemia [170].

1.3.2	 �Solid Tumors

Empirical antifungal therapy for IFIs should be considered for cancer patients with 
persistent or recurrent fever after 4–7 days of broad-spectrum antibiotics and whose 
overall duration of neutropenia is expected to be more than 7 days, after intensive 
cytotoxic chemotherapy. Nonetheless, patients with solid tumors typically have a 
short duration of neutropenia (less than 7 days) [145, 173]. IC is the most prevalent 
IFI in this group of patients and different risk factors for IFIs have been reported, 
compared with patient with hematological malignancies; in a retrospective com-
parative study, candidemia in patients with hematological malignancies was more 
likely to occur in the setting of chemotherapy, corticosteroids, neutropenia, mucosi-
tis, and tunneled central venous catheters (CVC), whereas surgery, intensive care 
unit admission, and invasive procedures (mechanical ventilation, parenteral nutri-
tion, and CVC) were more frequent in patients with solid tumors [174]. Likewise, 
in another study, gastrointestinal surgery and the use of CVC were independently 
associated with risk for candidemia in non-neutropenic adults with solid tumors 
[175]. In addition, removal of a CVC at or within 5 days of onset has been associ-
ated with decreased mortality [176].

IA has been reported only rarely among patients with solid tumors. In a retro-
spective study, aspergillosis was found to occur predominantly in patients having 
brain tumors (primary or metastatic) as their underlying malignancy who were 
treated with high-dose corticosteroids. Conversely, prolonged and profound neutro-
penia, a well-known risk factor for aspergillosis in patients with underlying hema-
tologic malignancies, was reported to have occurred only once in this study, most 
likely because neutropenia is transient and not profound in patients with solid 
tumors. Response to treatment was better in these patients compared with patients 
with hematologic malignancies [177].

1.3.3	 �Transplantation

1.3.3.1	 �Hematopoietic Cell Transplantation
IFIs in oncology and transplant populations have been associated with significant 
morbidity and mortality. The Transplant-Associated Infection Surveillance Network 
(TRANSNET), a network of 23 transplant centers in the USA, prospectively studied 
the epidemiology of IFIs in HSCT populations over a 5-year period (March 2001 to 
March 2006) and provided an estimation of the fungal disease burden [178]. The 
overall incidence of IFIs in the HSCT population was 3.4%: Aspergillus accounted 
for 43% of infections and Candida accounted for 28%, followed by other molds 
including Fusarium and Scedosporium (16%) and mucormycosis (8%). Mortality 
was high and 1-year survival was low: 1-year survival for Fusarium infections and 
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IA was 6% and 25%, respectively; moreover, survival among patients with mucor-
mycosis and candidiasis was 28% and 34%, respectively [178]. The timeline for 
IFIs following HSCT is typically divided into three periods, early onset (≤40 days 
post HSCT), late onset (41–180 days post HSCT), and very late onset (>180 days 
post HSCT). In the TRANSNET cohort, 66% of Candida infections among autolo-
gous HSCT recipients occurred within the first 30 days. On the contrary, Aspergillus 
and other mold infections tend to occur later after HSCT: for example, 22% of cases 
among allogeneic HSCT recipients were early onset and 47% occurred more than 
120  days after transplantation [178]. Notably, IA occurs more frequently and is 
presented later after allogeneic HSCT compared with autologous HSCT. In addi-
tion, the majority (56%) of mucormycosis infections occur after 90 days following 
HSCT and are usually associated with graft-versus-host disease (GVHD).

Risk factors for IFI include those associated with the host, the transplanted graft, 
and complications of the procedure. For example, host (e.g., older age) and trans-
plant factors (e.g., human leukocyte antigen mismatch) contribute in early appear-
ance of IFIs, while complications of the transplant procedure (e.g., GVHD and 
cytomegalovirus [CMV] disease) contribute in late appearance of IFIs [179–181]. 
Other biological factors such as malnutrition, iron overload, diabetes mellitus, and 
cytopenias are essential throughout the posttransplant course [179]. Interestingly, 
host genetic differences may also contribute to the patients’ risk of developing IFI; 
studies in HSCT populations have shown that polymorphisms in Toll-like receptor 
4, genetic variations within the plasminogen gene, as well as the genetic deficiency 
of the soluble pattern recognition receptor known as long pentraxin 3 (PTX3) may 
influence susceptibility to IA after transplant [182–184].

Treatment of IFIs in this patients’ population is based on the same guidelines 
as in other patients with hematological malignancies. Special attention is given to 
azoles, especially voriconazole due to its drug interactions with other agents such 
as calcineurin inhibitors, and drug levels should be monitored during therapy 
[185, 186].

1.3.3.2	 �Solid Organ Transplantation
The TRANSNET, a consortium of 23 transplant centers, including 15 that contrib-
uted to the organ transplant recipient dataset, prospectively studied the epidemiol-
ogy of IFIs in solid organ transplant (SOT) recipients over a 5-year period (March 
2001 to March 2006) in the USA [187]. Among these patients, Candida infections 
were significantly more common (53%) than Aspergillus infections (19%) except 
for lung transplant recipients. In the latter population, Aspergillus was the most 
common fungal pathogen. Other IFIs included cryptococcosis (8%), non-
Aspergillus molds (8%), endemic fungi (5%), and mucormycosis (2%). The mor-
tality associated with IFIs in the SOT population was high, but lower than in HSCT 
patients [187].

The timeline for IFIs following SOT has been divided into three periods: the first 
month, months 2 through 6, and more than 6 months after the transplant procedure 
[188]. Historically, infections due to Candida occur early post SOT [189]; however, 
TRANSNET data showed a later appearance of candidiasis, with median time to 
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diagnosis of 103  days posttransplantation [187]. Furthermore, most Aspergillus 
infections historically occur within the first year following SOT; tracheobronchial 
and/or anastomotic Aspergillus infections typically occur early within the first 
90 days posttransplant [190, 191]. Thus, the American Society of Transplantation 
guidelines recommend continuing prophylaxis following lung transplantation at 
least until bronchial anastomosis remodeling is complete [192]. In addition, 
Cryptococcus and the endemic mycoses tend to occur even later in the posttrans-
plant period [188]. In the TRANSNET cohort, median time to diagnosis of crypto-
coccosis and endemic mycoses was 575 and 343 days, respectively [187, 193].

Risk factors for IFIs in SOT patients include rejection and exogenous immuno-
suppressive agents, particularly high-dose steroids and antilymphocyte antibody 
treatment, prolonged operative time requiring multiple blood transfusions, and 
infection with certain viruses, especially CMV [194–196]. Treatment of IFIs in this 
patients’ population is based on the same principles as in other patients with hema-
tological malignancies and HSCT.

1.3.4	 �Human Immunodeficiency Virus (Acquired 
Immunodeficiency Syndrome)

Acquired immunodeficiency syndrome (AIDS) is defined as a CD4 cell count <200 
cells/microL or the presence of any AIDS-defining condition regardless of the CD4 
cell count in patients with human immunodeficiency virus infection (HIV) (1993 
CDC Revised Classification System). AIDS-defining conditions are opportunistic 
illnesses that occur more frequently or more severely in immunocompromised 
hosts. These include mainly opportunistic infections, such as Pneumocystis jir-
oveci pneumonia, toxoplasmosis, disseminated Mycobacterium avium infection as 
well as IFIs such as pulmonary candidiasis, disseminated cryptococcosis, and dis-
seminated endemic mycoses. Survival after first AIDS-defining conditions diagno-
sis has improved markedly since 1981. Some AIDS-defining conditions such as 
brain lymphoma and progressive multifocal leukoencephalopathy remain associ-
ated with substantially higher mortality risk than others [197]. Following the intro-
duction of highly active anti-retroviral therapy (HAART), there has been a marked 
reduction of opportunistic IFIs, which represent today 20–25% of the number of 
infections observed in the mid-1990s. According to a recent study in HIV/AIDS 
patients, the IFI incidence is 54.3/1000 hospitalization/year, with a lethality of 
37.7%. Cryptococcosis represents the main opportunistic IFI in the population, 
followed by histoplasmosis. Nosocomial pathogenic yeast infections are caused 
principally by Candida spp. [198]. Similarly, in another recent study, of the 320 
fungal isolates identified from 303 HIV patients with IFIs, 50% included 
Cryptococcus, 33.1% Candida, 9.1% Histoplasma, and 4.4% Aspergillus. In addi-
tion, Candida infection occurred mainly as candidemia (86.0%), Cryptococcus as 
central nervous system infection (76.7%), Histoplasma as disseminated infection 
(74.1%), and Aspergillus as pulmonary infection (81.8%). The CD4 cell count was 
≤200 cells/μL in 91.2% of patients with available data [199]. However, prognosis 
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improved significantly after the introduction of the HAART era [200, 201]. In an 
autopsy study, in 1630 patients with AIDS who died between 1984 and 2002, IFIs 
were identified in 297 (18.2%). Their prevalence significantly decreased over time 
(from 25.0% in 1984–1988 to 15% in 1998–2002; p = 0.004), mainly owing to a 
significant decrease in pneumocystosis (p = 0.017) and cryptococcosis (p = 0.003), 
whereas the prevalence of aspergillosis and histoplasmosis remained relatively 
stable and of candidiasis and mucormycosis tended to increase in the last years 
(p = 0.028 and p = 0.042, respectively). IFIs were suspected or confirmed during 
life in only 46.8% of the cases [202].

1.3.5	 �Immunosuppressive Agents

Systemic glucocorticoids are extensively used in bone marrow transplantation, solid 
organ transplantation, and treatment of hematological malignancies, vascular-
collagen disorders, and chronic pulmonary conditions. This widespread use of glu-
cocorticoids which have potent, pleiotropic effects on the immune system has 
expanded the population of profoundly immunocompromised patients susceptible 
to life-threatening IFIs [203, 204]. IA is the most common invasive mold infection 
associated with glucocorticoids; there are significant differences between the histo-
pathological features of IPA in glucocorticoid-induced immunosuppression and IA 
caused by neutropenia with mainly neutrophilic and monocytic infiltrates, inflam-
matory necrosis, scant intra-alveolar hemorrhaging, and a paucity of hyphae and 
angioinvasion [205]. The immune dysfunction and hyperglycemic state induced by 
glucocorticoids account also for the predilection for IFIs caused by Mucorales 
molds [152]. Glucocorticoids have also been recognized as a risk factor for candi-
demia and IC [206, 207] as well as cryptococcosis [208].

Tumor necrosis factor (TNF)-α inhibitors are being used increasingly in the 
treatment of inflammatory bowel and rheumatic diseases and can be associated with 
adverse events, including common infections, and rarely the development of serious 
life-threatening opportunistic infections. TNF-α inhibitors have the ability to pre-
vent an effective patient granulomatous response, and this may be associated with 
an increased risk of developing mycobacterial and certain IFIs, including endemic 
mycoses such as histoplasmosis, blastomycosis, and coccidioidomycosis and other 
IFIs such as invasive candidiasis, aspergillosis, mucormycosis, and cryptococcosis 
[209–211].

Therapy with alemtuzumab, an anti-CD52 monoclonal antibody, is associated 
with profound defects in cell-mediated immunity, as well as neutropenia in patients 
with chronic lymphocytic leukemia (CLL), GVHD, and allogeneic HSCT (as a con-
ditioning regimen). Alemtuzumab has been implicated in a wide range of infections 
including IFIs. Severe infections have included aspergillosis, mucormycosis, and 
candidiasis [212]. Also, with the use of purine analogs (e.g., fludarabine), which 
results in quantitative and qualitative T-cell abnormalities, a wide spectrum of infec-
tious complications including opportunistic infections caused by organisms such as 
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Candida, Aspergillus, and Cryptococcus have been reported in patients with CLL, 
refractory AML, and non-Hodgkin’s lymphoma [213, 214].
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Abstract
Most fungi to which we are regularly exposed through the air or because they are 
part of our normal microbiota do not usually cause disease in immunocompetent 
individuals. However, some fungi can become pathogenic if host defenses are 
breached with symptoms ranging from mild superficial infections to severe sys-
temic diseases that are associated with a high degree of morbidity and mortality. 
Understanding the immune response against fungal infections is of key impor-
tance for the development of better preventive and therapeutic options. However, 
the host response against different fungal infections are as diverse and distinct as 
the different fungal diseases themselves. Clinical and basic research during the 
last decade has brought exciting new insights into the pathogenesis of fungi and 
revealed important molecular and cellular players in host-fungal interactions and 
host defense. This chapter summarizes and reviews recent advances in the field 
that have shaped the current understanding of antifungal immunity.

2.1	 �Introduction

Most fungal infections are caused by organisms to which we are regularly exposed 
through the air or because they are part of our normal microbiota. They do not usu-
ally cause disease in immunocompetent individuals. However, some fungi can 
become pathogenic if host defenses are breached with symptoms ranging from mild 
superficial infections to severe systemic diseases that are associated with a high 
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degree of morbidity and mortality. Predisposing conditions include immunosup-
pression by corticosteroids or chemotherapy in transplant recipients and tumor 
patients, acquired immunodeficiencies such as those occurring as a consequence of 
HIV infection, antibiotic treatment, or the application of medical devices (e.g., den-
tures and catheters that promote the formation of biofilms, e.g., by Candida spp.). 
Hereditary immunodeficiencies have recently gained attention as rare but important 
predisposing factor for fungal infections. The clinical relevance of fungal infections 
often remains undervalued despite the fact that ~25% of the overall population is 
affected. While the majority of cases can be treated with available drugs, recurrent, 
chronic, and invasive forms of disease are more severe and often difficult to treat. 
They cause far over one million deaths per year worldwide [39]. There is thus an 
unmet clinical need for more rapid and better diagnostics, safer and more effective 
antifungal drugs, and preventative vaccines. Clinical and basic research during the 
last decade has brought exciting new insights into the pathogenesis of fungi and 
revealed important molecular and cellular players in host-fungal interactions and 
host defense. In this chapter, we will summarize and review recent advances in the 
field that have shaped the current understanding of antifungal immunity.

2.2	 �Human Fungal Pathogens Cause a Diverse Spectrum 
of Diseases

Fungal pathogens cause a broad spectrum of diseases that manifests as superficial, 
tissue-invasive, and allergenic syndromes. They can be grouped by the causative 
fungal agents and by the tissue tropism. The host responses raised against these dif-
ferent types of infections vary greatly and depend on the causative fungal species as 
well as on the host tissue compartments involved.

2.2.1	 �Superficial Fungal Infections

Superficial fungal infections comprising mucosal, cutaneous, and corneal infections 
can affect all barrier tissues of the host. Candida spp. most frequently affect the oral 
and vaginal mucosa, the skin, and the nails and cause symptoms even in otherwise 
healthy individuals. Vulvovaginal infections are particularly frequent, even in other-
wise healthy individuals, with around 70% of all women experiencing at least one 
episode during their lifetime and 5–10% of them developing recurrent or chronic 
vulvovaginal candidiasis [308]. Oral and esophageal Candida infections are associ-
ated with CD4+ T cell defects such as those occurring in patients with progressive 
AIDS. More recently, specific defects in the interleukin-17 pathway were linked to 
chronic mucocutaneous candidiasis (CMC) with both cutaneous (skin, nails) and 
mucosal (oropharyngeal, genital) manifestations.

Although less studied than Candida spp., dermatophytes are the most frequent 
cause of superficial fungal infections. They give rise to well-known conditions 
such as athlete’s foot, ringworm of the scalp, and infection of the nails [141], which 
are usually curable with available antimycotics. Specific immune defects however 
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allow more severe and sometimes life-threatening forms of dermatomycoses to 
occur, such as deep dermatophytosis and invasive Exophiala infection in individu-
als with CARD9 deficiency [198, 200]. Malassezia spp. are commensal yeasts 
found abundantly on the human skin [344] that can be involved in various skin 
disorders such as atopic dermatitis, tinea versicolor, and folliculitis [11, 298]. The 
causative relationship between fungal overgrowth and the development of disease 
symptoms is not well understood [349]. Malassezia pachydermatis is an important 
opportunistic fungal pathogen in dogs with zoonotic potential [239].

Fungal infection of the cornea of the eye, called fungal keratitis, can develop as 
a consequence of eye trauma, e.g., caused by thorns and sticks. This disease is most 
often caused by Fusarium, Aspergillus, and Candida species [330]. If untreated, it 
can result in vision loss or blindness. The rural communities of the developing 
world are particularly affected. Contact lens wearers are also at risk.

2.2.2	 �Deep-Seated Fungal Infections

Deep-seated fungal infections, although much less frequent than superficial fungal 
infections, are much feared because of their association with high mortality rates 
(often >50%). They remain challenging to diagnose and to treat. Invasive fungal 
infections occur predominantly in hospital settings and develop when fungi pene-
trate unchecked the natural barriers in susceptible hosts.

Systemic candidiasis is rated the fourth common bloodstream infection among 
nosocomial infections. It develops in severely ill patients upon entry of Candida 
spp. from the skin (e.g., via venous catheters) or from the gastrointestinal tract (e.g., 
upon neutropenia, prolonged antibiotic exposure, and cytotoxic chemotherapy) via 
the circulation into the spleen, the liver, and/or the kidney causing organ failure and 
sepsis-like syndromes [213, 266]. Specific immune defects such as those observed 
in individuals with genetic defects in the gene CARD9 can cause rare organ-specific 
infections targeting the central nervous system (CNS) [85].

Cryptococcus neoformans accounts for 50% of all fungal infections in HIV patients, 
and it is the third most common cause of fungal infections in solid organ transplanta-
tion [134]. Systemic dissemination of C. neoformans from the lung and crossing of the 
blood-brain barrier can result in subsequent infection of the CNS [134].

Another common respiratory opportunistic pathogen is Pneumocystis jirovecii, 
which causes pneumonia in individuals with impaired immunity, especially those 
suffering from HIV/AIDS [43]. Other groups at risk include individuals with hema-
tological malignancies, transplant patients, and individuals on prolonged immuno-
suppressive therapy, such as corticosteroids or methotrexate. Transmission occurs 
via aerosols from patients with pneumonia or from early-life contact with family or 
community members who carry the organism in their lungs [238].

Zygomycetes is the causative agent of mucormycosis (zygomycosis), a rare but 
severe fungal disease that develops in settings of leukemia, transplantation, diabetic 
ketoacidosis, neutropenia, and severe immunosuppression [314]. Herein, angioin-
vasion results in systemic dissemination, infarction of blood vessels, and necrosis of 
surrounding tissues. The associated mortality rates in transplantation patients may 
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be as high as 80% [126]. Diabetic patients are at the risk of rhino-orbital mucormy-
cosis, which can require eye removal [142, 306].

Thermally dimorphic fungi that are endemic to certain areas in the Americas 
typically infect healthy hosts and cause systemic mycoses [114, 182]. They can also 
reactivate from a latent state when immunity is impaired, such as in solid organ 
transplant recipients that are particularly at risk for respiratory failure and extrapul-
monary dissemination [114, 182].

Continuous exposure to environmental molds of the Aspergillus spp. can translate 
into invasive pulmonary aspergillosis, which is associated with high mortality rates 
[39]. Patients at risk are those with impaired immune functions including individuals 
with low numbers of neutrophils, solid organ transplant recipients, patients on immu-
nosuppressive therapies, patients with chronic obstructive pulmonary disease 
(COPD), and cystic fibrosis patients [187]. In addition, different forms of chronic 
pulmonary aspergillosis, a gradual destructive disease in the lung, are observed in 
non-immunocompromised patients with prior or current lung disease [77].

2.2.3	 �Allergic Fungal Diseases

Some fungi have allergenic potential. The most common allergic mycosis is allergic 
bronchopulmonary aspergillosis (ABPA) [109]. Asthma and cystic fibrosis patients 
are especially at risk to develop this Th2-mediated allergic disease [127, 184].

2.2.4	 �Compartmentalized Immune Mechanisms Act 
Against Different Fungal Infections

Most fungal diseases in humans are caused by environmental or commensal organ-
isms that have coevolved with their host for millions of years without causing harm 
to the host under normal conditions. Disease susceptibility is attributed primarily to 
defects in host defense. Studying the immune defects in patients suffering from 
fungal infections has revealed host mechanisms that are responsible for maintaining 
homeostasis with different fungal species in different tissue compartments. 
Generally, fungal control in superficial tissues is maintained by the barrier function 
of the epithelium, which prevents fungal overgrowth and invasion. This function is 
critically complemented by the adaptive immune system, which forms memory 
cells (predominantly CD4+ T cell memory) in response to the continuous fungal 
exposure and provides constant antigen-specific surveillance (Fig. 2.1). In contrast, 
protection from invasive and disseminated fungal disease, where fungi gain access 
to the circulation and to internal organs and where they usually not reside, relies 
primarily on the acute response of myeloid effector cells of the innate immune sys-
tem, including neutrophils, monocytes, and macrophages (Fig. 2.2). The different 
forms/types/mechanisms of antifungal defense will be discussed in detail below.

Clinical studies on patients suffering from fungal diseases were comple-
mented by numerous mechanistic studies with cultured cells (primary human 
and mouse cells and tumor cell lines) and experimental infections in animal 
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models. Together, they have provided important insights into the cellular and 
molecular mechanisms of fungal recognition by the host, activation of innate 
and adaptive immunity, and the exertion of effector mechanisms against fungal 
pathogens. Animal studies are particularly valuable for revealing multicellular 
interactions and tissue-specific aspects of antifungal host defense in  vivo. 
Different animal models for several types of fungal infections were established 
in mice [152], and zebra fish models for mucosal and disseminated infections 
were developed more recently [37, 125, 333]. While animal studies in mice 
were very informative and greatly advanced the field, animal models reflect the 
situation in humans only to a certain extent. Most importantly, many fungal 
pathogens including C. albicans, which are part of the microbiota in humans, 
are not generally commensals in SPF mice [161]. Therefore, experimental infec-
tions in mice with these species reflect in most cases primary infections that 
trigger acute immune responses and thus bear important differences to the 
responses to continuous fungal presence in humans. This discrepancy is most 
relevant in case of superficial infections. There is thus a need to develop refined 
infection models to close this gap in the future.

2.3	 �Fungal-Host Interactions

2.3.1	 �Fungal Morphological Plasticity Is an Important 
Determinant of the Interaction with the Host

Many pathogenic fungi exist in different morphotypes and can switch between envi-
ronmental and pathogenic forms that bear a differential virulence potential. Morphotype 
switching is generally accompanied by major changes in the transcriptional program of 
the fungus that alters the behavior of the fungus in contact with the host. Most Candida 
species are thought to exist as unicellular yeasts undergoing asexual reproduction in 
their commensal state, while the hyphal form is associated with increased adhesion and 
invasion of host tissue surfaces. In case of A. fumigatus, conidia are inhaled, and the 
swelling of conidia (asexual spores) in the alveolar spaces is accompanied by increased 
immunogenicity that allows/promotes enhanced control by the immune system, while 
A. fumigatus hyphae are associated with host tissue invasion [69]. Thermally dimor-
phic fungi, a group of at least six primary human fungal pathogens, grow as a mold in 
soil at ambient temperature and convert to virulent yeast after infectious spores are 
inhaled [182]. Generally, it is believed that morphological plasticity rather than a spe-
cific fixed morphotype is the key feature of fungal pathogenicity [296].

2.3.2	 �Fungal Interactions with the Epithelium

Epithelial cells are usually the first cells of the host to interact with opportunistic 
fungal pathogens during homeostasis and for induction of disease. Depending on 
their route of acquisition and their tissue tropism, fungi encounter different types of 
epithelia, such as simple squamous epithelia (in the lung and gastrointestinal tract) 
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or stratified squamous epithelia (in the skin and vagina). These epithelia not only 
serve as mere physical barriers, but they are also involved in sensing fungi and in 
activating host defense mechanisms in dependence of the fungal pathogenicity. The 
interaction of fungi with epithelial cells was studied most extensively with C. albi-
cans. The progression from C. albicans commensalism to infection involves fungal 
adhesion to the epithelium, invasion, and eventually damage of epithelial cells [143], 
which may result in the secretion of inflammatory mediators by the epithelium.

Adhesion of C. albicans to epithelial cells is mediated by cell surface adhesins as 
well as physical properties such as cell surface hydrophobicity. A number of adhe-
sin genes show increased expression upon C. albicans interaction with epithelial 
cells consistent with a role in adhesion to these cells. This role was clearly estab-
lished for the Als3 glycosylphosphatidylinositol (GPI)-anchored cell wall protein 
that mediates hyphal adhesion through interaction with host cadherins [267]. Hwp1 
is another GPI-anchored protein at the C. albicans hyphal cell surface that mediates 
adhesion to epithelial cells and, interestingly, is recognized by host cell transgluta-
minases that create covalent bonding between Hwp1 and host surface proteins 
[315]. Notably, the ALS3 and HWP1 genes and other genes encoding cell surface 
adhesins involved in the interaction with epithelial cells are expressed upon yeast-
to-hyphae transition [356, 385], suggesting that this morphotypic switch of C. albi-
cans contributes to adhesion, while at the same time, adhesion to epithelial cells 
promotes hyphenation. The reciprocal relationship between these two processes 
thus highlights that fungal morphotype and function are intricately linked.

Invasion of the oral epithelium is a critical step for the infection process. In case 
of C. albicans, it involves induced endocytosis and active penetration of epithelial 
cells [355]. Induced endocytosis is the consequence of the interaction of cell surface 
adhesins or proteins with host cell receptors, such as Als3-cadherin and Ssa1-
cadherin interactions that trigger the recruitment of clathrin and other components of 
the endocytosis machinery at the site of interaction between the hyphal tip and the 
host cell [237, 267, 324]. Actin-dependent endocytosis is also observed with other 
fungi, such as the internalization of A. fumigatus conidia by lung epithelial cells [31, 
121]. Active penetration of epithelial cells by C. albicans is less well understood but 
may involve the combined action of secreted aspartyl proteases (SAPs) and mechani-
cal pressure [70]. Sap5 was reported to degrade E-cadherin, which is part of epithe-
lial tight junctions [350]. Active penetration was also observed by A. fumigatus 
hyphae grown on a human lung biopsy, which invaded through and in between epi-
thelial cells resulting in cell damage, loss of cilia, and cell detachment [8].

2.3.3	 �Fungal Interactions with Endothelial Cells

During dissemination, fungal pathogens interact with endothelial cells for invasion 
by distinct mechanisms. Systemic infection with C. albicans involves the transen-
dothelial migration of the fungus into the bloodstream and subsequent rapid escape 
from the circulation for entry into target organs such as the kidney [213]. C. albi-
cans (but not C. tropicalis and C. glabrata) was internalized by endothelial cells 
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in vitro [105]. The observations that in vivo endothelial transmigration into the tis-
sues takes only several minutes [93, 220], while morphological switching takes sev-
eral hours [288], and that yeast-locked C. albicans is also able to enter the tissue 
[21], suggest that yeast-to-hyphae transition is not required for endothelial transmi-
gration of C. albicans. Factors involved in adhesion and invasion of the endothelium 
by C. albicans include αMβ2 integrin-like adhesins, which likely bind to ICAM-1 
[383], and members of the Als family (e.g., Als3) and Ssa1, which bind to N-cadherin 
on endothelial cells [267, 388].

Transendothelial migration of Zygomycetes was also studied in some detail. 
Indeed, it was shown that Zygomycetes adhere to and are taken up by endothelial 
cells in  vitro [158]. This process is thought to be critical for angioinvasion of 
Zygomycetes from the lung and to enter blood vessels during pulmonary infection.

2.3.4	 �Fungi-Induced Damage of the Host

Tissue invasion by fungal hyphae causes epithelial (and endothelial) damage. Host 
cell damage appears to result from a combination of different mechanisms. Damage 
induction by C. albicans, for which this process and its significance during the infec-
tion process were studied most extensively, depends on fungal viability, although 
being alive is not sufficient for damage induction. Furthermore, it is not strictly cou-
pled to invasion. Damage induction depends on many genes related to yeast-to-hyphae 
transition [356]. For instance, C. albicans SAPs were reported to contribute to alter 
the integrity of the epithelium through their actions on E-cadherins [107, 350]. More 
recently, a role for the ECE1 gene in epithelial damage was demonstrated, whereby 
the hyphal-specific Ece1 protein is proteolytically processed leading to extracellular 
release of peptides, among which the so-called candidalysin peptide that acts as a 
toxin toward host cell membranes [243]. While at low concentration candidalysin 
peptide triggers a c-Fos- and MKP-dependent danger response pathway, at higher 
concentrations it forms pores in epithelial cells allowing for calcium influx and elicit-
ing direct tissue damage. Production of Ece1 and candidalysin might in part explain 
why sustained hyphal growth is central to damage of epithelial cells. The capacity of 
a fungus to cause damage seems thus to be directly linked to its pathogenicity.

2.3.5	 �Activation of the Epithelium by Pathogenic Fungi

As described above, epithelia not only serve an important physical barrier to pre-
vent fungal invasion, but they also actively respond and have the capacity to dis-
criminate pathogenic from nonpathogenic forms [247]. Epithelial cells express 
pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and dec-
tin-1 (see below for a more detailed description of these receptors). However, 
PRR-independent signaling pathways are also involved in fungal recognition by 
epithelial cells [241]. The response of epithelial cells to fungi was studied most 
extensively with C. albicans, and we will thus focus our discussion on the 
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interaction of the epithelium with this fungus. Although the exact nature of the 
receptors that link fungal recognition by epithelial cells to cytokine secretion 
remains unknown, downstream signaling components were identified. In fact, C. 
albicans yeast cells can induce basal NFκB and c-Jun activation, while C. albi-
cans hyphae trigger a more profound MAPK response resulting in MPK1 and 
c-Fos phosphorylation [241] and PI3K/Akt/mTOR activation [242], which results 
in the secretion of cytokines, including G-CSF, GM-CSF, IL-6, and IL-1α. 
Quantitative and qualitative differences exist between different cytokines depend-
ing on individual signaling pathways and depending on the type of epithelial cells 
analyzed [240]. A key factor of C. albicans responsible for triggering these 
responses has recently been identified to be the candidalysin peptide derived from 
the hyphal-specific virulence factor Ece1 [243]. Importantly, low concentrations 
of candidalysin were shown to induce G-CSF and GM-CSF secretion, while 
higher concentrations were required for pore formation in the epithelial cell mem-
brane that then led to the release of IL-1α. IL-1α is preformed in epithelial cells 
[80, 195], and induction of cellular damage is thought to be sufficient for its 
release. Similar to the situation with C. albicans, MAPK signaling has also been 
implicated in the epithelial response to A. fumigatus [16].

2.3.6	 �Antifungal Effector Mechanisms of the Epithelium

Epithelial cells are an important source of cytokines and chemokines for the recruit-
ment of leukocytes such as neutrophils, monocytes, and T cells to the site of infec-
tion [317, 339, 340]. G-CSF has pleiotropic effects on neutrophils. Most importantly, 
it is a key regulator of granulopoiesis, and it mobilizes neutrophil from the bone 
marrow in response to infection and inflammation to meet the increased demand for 
neutrophils during these situations [26]. In addition, G-CSF promotes neutrophil 
survival by inducing Mcl-1 RNA [257]. G-CSF also enhances neutrophil function, 
e.g., by inducing ROS production [250, 287], and it may enhance the killing activity 
of human neutrophils toward A. fumigatus [210] and C. albicans [286, 376]. 
Neutrophil survival and function are also enhanced by GM-CSF [176, 287].

IL-1α together with the related family member IL-1β, which can also be pro-
duced by epithelial cells, at least in humans, and by leukocytes, can act in an auto-
crine or paracrine manner on epithelial cells to amplify cytokine and chemokine 
production and thereby to promote the inflammatory response. During acute pulmo-
nary aspergillosis, IL-1α induces neutrophil recruitment via the production of 
CXCL1 and enhances neutrophil activity against the fungus [42]. This is also 
reflected by the requirement of MyD88, which is an essential signaling component 
downstream of the IL-1R and required in the non-hematopoietic compartment in 
this process [165]. Similarly, in the context of oropharyngeal candidiasis, IL-1R 
signaling was implicated in neutrophil recruitment and fungal control [149]. The 
role of IL-1 cytokines in protective immunity to fungi is not limited to barrier tis-
sues. Indeed, Il1a−/− and Il1b−/− mice display an increased fungal burden and 
impaired survival in a mouse model of systemic candidiasis [353].
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Epithelial cells are an important source of host defense peptides (HDPs). Active 
peptides are usually 10–50 amino acids in size that are generated by proteolytic 
processing from precursors and are mostly positively charged but can also contain a 
substantial portion of hydrophobic residues [137]. They kill or block the growth of 
pathogens by membrane permeabilization of microbial cells and by inactivation of 
cytoplasmic targets therein. In addition to their antimicrobial activity, many HDPs 
can also act as immune modulators and promote chemotaxis of immune cells [137]. 
The major families of HDPs include α- and β-defensins, histatins, and cathelicidins 
(human LL-37, murine Cramp). Expression of some HDPs by epithelial cells is 
constitutive, while others are inducible by microbial and inflammatory triggers. In 
addition, HDP production is not limited to epithelial cells; neutrophils are an impor-
tant source of, e.g., cathelicidins and α-defensins.

β-Defensins, which are distinguished from α-defensins by their cysteine disulfide 
connectivities, are expressed almost exclusively by epithelial cells, and several of 
them are induced by pathogenic fungi [7, 98, 206]. The mechanism of β-defensin-
mediated antifungal activity is not well studied [191], but it is believed to involve the 
formation of membrane pores [112] and to be energy-dependent and salt-sensitive 
[354]. Human β-defensin 2 (hBD2, mouse homologues mBD3 and mBD4) and hBD3 
(mouse homologue mBD14) exert direct antifungal activity toward Candida spp. [98, 
170] and A. fumigatus [259]. mBD1 deficiency was associated with impaired fungal 
control in mice in a model of mixed oropharyngeal and systemic candidiasis [334].

Expression of histatins is restricted to human salivary glands [164]. The parent 
protein histatin 3 undergoes multiple proteolytic cleavages during and after secre-
tion to give rise to cascades of peptide products, including histatin 5 (Hst5). The 
fungicidal activity of Hst5 relies on its capacity to disrupt the cellular ionic homeo-
stasis [272] by binding to C. albicans Ssa1 and Ssa2 [208, 323], intracellular trans-
location, disruption of the fungal Trk1 transporter function [14], and finally ATP 
and potassium efflux [144, 186, 375]. The loss of cytosolic ions initiates cellular 
shrinkage and cell cycle arrest. Hst5 also affects mitochondrial functions, causes 
oxidative stress [272], and may inhibit C. albicans adhesion to epithelial cells [234].

The cathelicidin LL-37 (called Cramp in mice) is another HDP that acts by alter-
ing the ionic homeostasis of fungal cells. In C. albicans, the cell wall β-1,3-
exoglucanase Xog1 was identified to bind LL-37 [50], which in turn leads to 
processing of LL-37 by cell wall proteases, intracellular translocation, massive dis-
ruption of the C. albicans cell membrane [74], and induction of nucleotide and 
protein efflux [75]. In mice, Cramp was proposed to be responsible for C. albicans 
colonization resistance [94].

Metal-chelating agents, such as calprotectin, can also prevent fungal growth 
[310]. The calprotectin subunits S100A8 and S100A9 are strongly induced in 
response to fungal infection [63, 338]. Moreover, S100A9-deficient mice display 
impaired fungal clearance during barrier tissue infections with C. albicans [345, 
380] and A. fumigatus [59].

The existence of a large number of different antimicrobial effectors, many of 
which with at least seemingly redundant effects, guarantees efficient protection of 
the host from a large spectrum of different microbes. The absence of a single 
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antimicrobial effector may thus not be sufficient to disrupt efficient control of an 
infection by the host [101]. In summary, epithelial cells have multiple mechanisms to 
respond to infection including antimicrobial defense peptides that mediate direct 
antifungal control, alarmins such as IL-1α that report the presence of invasive patho-
gens, chemotactic factors that can recruit immune cells, and cytokines that signal to 
and activate immune cells. While many of those responses are induced directly by 
the fungus, they may also be stimulated and/or amplified by microbial-induced cyto-
kines in an autocrine and/or paracrine manner. The epithelium thus integrates signals 
from the fungus and the host to promote efficient host defense in barrier tissues.

2.3.7	 �Innate Recognition of Fungal Pathogens

If fungal pathogens overcome the initial epithelial barrier and (start to) invade the 
host tissue, they may get in contact with immune cells in the tissue, and/or – depend-
ing on the route and degree of invasion – in the circulation. The innate immune sys-
tem has evolved to sense conserved microbial structures, so-called pathogen-associated 
molecular patterns (PAMPs) via germline-encoded PRRs. Ligand binding by PRRs 
induces the activation of signaling cascades inside the cell that leads to gene expres-
sion in the nucleus. The production of cytokines, chemokines, and antimicrobial 
factors by innate immune cells results in the activation and recruitment of effector 
cells to the site of infection and in the elimination of pathogens, respectively. Here, 
we discuss the most common PRR pathways involved in fungal recognition, while 
the effect of individual cytokines, chemokines, and cellular effector mechanisms that 
are induced by these pathways is discussed below.

2.3.8	 �Fungal PAMPs

The primary fungal PAMPs that are recognized by the innate immune system of the 
host are components of the cell wall. The fungal cell wall is composed of skeletal 
and matrix components, which resemble mesh and mortar in concrete buildings 
[252]. The skeletal structures at the base of the cell wall consist of chitin, which is a 
β-(1,4)-linked polymer of N-acetylglucosamine, and β-1,3- and β-1,6-glucans that 
are stabilized by intermolecular hydrogen bonds. The fungal cell wall matrix is 
composed of mannoproteins, namely, heavily glycosylated proteins with mannose-
containing polysaccharides (sometimes called mannans). These mannoproteins are 
attached to β-1,3-glucans or chitin by a linker structure. Important differences in 
cell wall composition and conformation exist between different fungal species [91]. 
β-1,3-glucan, which is usually hidden by other carbohydrates, is one of the most 
potent fungal PAMPs. The sequestration of β-1,3-glucan by less immunostimula-
tory cell wall components evolved as a potent immune evasion strategy in many 
pathogenic fungi. Examples for this are the masking of β-glucans by mannans in 
Candida spp. [365], the rodlet layer of airborne fungal spores such as in Aspergillus 
spp. [5], the presence of α-glucans in the outer cell wall of Histoplasma [278] and 
Paracoccidioides brasiliensis [29], and the capsule ensheathing/surrounding 

S. Altmeier and S. LeibundGut-Landmann



45

Cryptococcus neoformans [189]. Consequently, exposure, or unmasking, of β-1,3-
glucans enhances immunogenicity. This is achieved naturally during the infection 
process as the cell wall is attacked by host-derived lytic enzymes or by antifungal 
drugs, such as echinocandins that interfere with the natural integrity and architec-
ture of the fungal cell wall [365]. Importantly, β-1,3-glucans are also exposed stage 
specifically in C. albicans and A. fumigatus as a consequence of the dynamics of the 
fungal cell wall in response to environmental factors [111, 117, 153, 318].

2.3.9	 �C-Type Lectin Receptors (CLR)

The main PRRs involved in fungal recognition belong to the family of myeloid 
C-type lectin receptors (CLRs) that are highly expressed by dendritic cells (DCs), 
neutrophils, and macrophages. CLRs are classified by the presence of one or several 
C-type lectin-like domains (CTLDs), many of which bind to carbohydrates such as 
those in the fungal cell wall. The family of CLRs encompasses soluble molecules 
such as the mannose-binding protein (MBP) or surfactant protein D that activate the 
complement cascade, endocytic receptors that internalize their ligands such as the 
mannose receptor (MR), and signaling receptors that act as bona fide PRRs to initi-
ate innate and adaptive immunity, while others have immunomodulatory activities 
[71, 139, 261].

The prototypic signaling CLR is dectin-1. It binds to β-(1,3)-glucans in the fun-
gal cell wall [40]. Dectin-1 contains an ITAM-like motif, also called hemITAM, in 
its cytoplasmic domain [285]. Receptor dimerization and phosphorylation of a 
tyrosine-residue of this motif by Src-family kinases lead to the recruitment of the 
spleen tyrosine kinase (Syk) [285], which in turn couples to the canonical NF-κB 
pathway via the protein kinase C δ (PKCδ) [321], and the adaptor protein CARD9 
[132, 138]. Selective signaling via dectin-1 results in the induction of high levels of 
TNF, IL-6, and IL-23, but little IL-12, and is thus qualitatively distinct from TLR-
mediated signaling [203]. Dectin-1 signaling can also engage phospholipase Cγ2 
(PLCγ2)-dependent nuclear factor of activated T cell (NFAT) activation, resulting in 
the production of IL-2 and IL-10 [307]. Moreover, dectin-1 signaling leads to the 
induction of IL-1β via the activation of caspase-1, which mediates cleavage of pro-
IL-1β into mature IL-1β (see below). In addition to its predominant expression by 
myeloid immune cells, dectin-1 was also reported to be expressed on epithelial cells 
and to respond to pure β-glucans and fungal cells by the release of pro-inflammatory 
cytokines in a Syk-dependent manner [60, 325].

Dectin-1 signaling was implicated in the response to many pathogenic fungi, and 
its host-protective role was demonstrated in mouse models with C. albicans [328], 
A. fumigatus [155, 318, 364], and Pneumocystis [291], among others. In humans, 
dectin-1 polymorphisms were associated with enhanced susceptibility to vulvovagi-
nal candidiasis and onychomycosis [102] and with invasive pulmonary aspergillosis 
[67, 293]. However, the precise role of dectin-1  in protection from these human 
diseases deserves further investigations. The high prevalence of the Y238X poly-
morphism in dectin-1 in the human population [102] puts in question its causal link 
to disease development.
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Dectin-2 and mincle are two additional Syk-coupled CLRs that recognize fungal 
α-mannan structures [226]. Unlike dectin-1, they lack the hemiTAM motif in their 
cytoplasmic tail. Instead, they assemble with FcRγ, an ITAM-containing adaptor for 
signaling [295]. In addition, dectin-2 and mincle have recently been shown to asso-
ciate with MCL (also called dectin-3) for enhanced ligand binding [231, 389, 390]. 
Dectin-2 signaling promotes immunity to C. albicans [284, 292], C. glabrata [159], 
and Malassezia [163]. In contrast to the broad spectrum of fungi stimulating dectin-
2 [179], mincle agonists appear more restricted among fungal pathogens, as demon-
strated by the selective binding of mincle to Malassezia spp. among 50 fungal 
species tested [378]. More recently, mincle was also shown to be involved in sens-
ing F. pedrosoi, the causative agent of chromoblastosis [312], and it may also recog-
nize C. albicans [363]. In addition, mincle possesses a ligand in mycobacteria [162, 
225] and responds to a self-ligand exposed by dying cells [377].

While defects in individual CLRs can lead to partial and/or selective defects in 
antifungal defense, the deficiency in Card9, a signaling component common to all 
myeloid signaling CLR pathways, leads to more severe defects in controlling fungal 
infections [132]. Likewise, CARD9 polymorphisms are associated with persistent 
and severe forms of fungal infections in humans that primarily localize to the skin 
and subcutaneous tissue, mucosal surfaces, and/or the central nervous system [83, 
84, 115, 116, 120, 198–200, 209, 359]. This suggests redundancy between different 
fungal PRRs but also the existence of Card9-dependent functions that are indepen-
dent and go beyond those of CLRs [85].

Several fungal CLRs were identified that signal via an immunoreceptor tyrosine-
based inhibitory motif (ITIM) rather than an ITAM domain. Ligand binding to 
ITIM-containing receptors results in ITIM phosphorylation and the association of 
SH2 domain-containing protein tyrosine phosphatases including (SHP)-1 and 
SHP-2 that thereby exhibit regulatory effects on other activation pathways [279]. 
Examples of such receptors are DCIR, MICL, and MAH [270].

DC-specific intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN, 
murine homolog SIGNR1) is a mannose- and fucose-binding signaling CLR bear-
ing di-leucine and tri-acidic motifs in its cytoplasmic tail rather than an ITAM 
domain. DC-SIGN can activate Raf-1, a serine/threonine MAP kinase that is 
involved in the acetylation of the pre-activated NF-κB subunit p65, thereby enhanc-
ing transcription of the IL-10 gene to dampen the inflammatory response [130].

The mannose receptor (MR), which was the first mannan-binding receptor that 
was discovered [319, 368], recognizes multiple fungi and other microbes via eight 
extracellular CTLDs. The extracellular domain of the MR can be cleaved to release 
soluble MR with preserved ligand binding capacity [172]. Although the MR was 
shown to promote ROS and cytokine induction, the lack of a known signaling motif 
in its cytoplasmic tail suggests that it may rather act as a binding coreceptor to 
enhance the function of (a) bona fide signal receptor(s).

2.3.10	 �Toll-Like Receptors (TLRs)

Besides CLRs, certain TLRs are also implicated in fungal recognition, including 
TLR2, TLR4, TLR7, and TLR9. The family of TLRs is the best-characterized 
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family of PRRs. TLRs are membrane-bound receptors composed of leucine-rich 
repeats for ligand recognition and a conserved Toll/IL-1R-domain in the cyto-
plasmic domain. The latter mediates signaling via MyD88 (and/or TRIF in some 
cases) to couple to NF-κB activation (or IRF activation in case of TRIF-mediated 
signaling) and the induction of pro-inflammatory target genes. TLR2 and TLR4 
are expressed at the cell surface, where they recognize fungal phospholipoman-
nan and O-mannan structures, respectively [173, 254]. The endosomal TLRs 
TLR7 and TLR9 have also been implicated in fungal recognition, namely, in 
sensing of nucleic acids and induction of IL-12 and/or type I interferons in 
response to C. neoformans, A. fumigatus, and C. albicans [24, 233, 277]. The 
literature on the relative contribution of individual TLRs, in particular TLR2 and 
TLR4, in response to various fungi is complicated by reports on increased as 
well as decreased susceptibility to infection in mice. The contradictory reports 
may be explained by the variability in ligand expression and exposure by differ-
ent fungal strains and morphotypes within each species. Moreover, the expres-
sion pattern of different TLRs varies greatly among different cell types, including 
both hematopoietic and non-hematopoietic cells. In humans, no increase in sus-
ceptibility to fungal infections was reported in MyD88-deficient individuals, 
which are broadly deficient in TLR signaling, indicating that TLRs play no cen-
tral role in antifungal immunity in humans. However, TLRs may contribute to 
protection under immunocompromised conditions, as illustrated by the associa-
tion of TLR4 polymorphisms in stem-cell transplant with aspergillosis [25]. 
Moreover, TLRs contribute to antifungal immunity by modulating the response 
induced by other PRRs.

2.3.11	 �Cross Talk Between TLRs and CLRs

TLR and CLR pathways interact in response to fungal stimuli with synergistic or 
antagonistic outcomes. Co-stimulation of dectin-1 and TLR2 leads to synergy 
between the two pathways resulting in enhanced production of TNF, IL-6, and 
IL-23. However, the synergy between dectin-1 and TLR2 also alters the quality of 
the overall cytokine response with a shift in the relative quantities of IL-23 versus 
IL-1 in comparison to TLR stimulation alone [76]. SIGNR1 and TLR2 pathways 
also interact, albeit with a distinct outcome, as SIGNR1 represses the activity of 
TLR2 and dampens the TLR2-induced response [130].

A recent study explored the possibility of harnessing PRR collaborations for 
therapeutic use in the context of chromoblastomycosis. Host recognition of F. 
pedrosoi, the causative agent of this severe and chronic disease, depends on mincle 
signaling via the Syk/Card9 pathway. However, mincle signaling is not sufficient 
for fungal control by the host. Exogenous administration of TLR agonists enabled 
the induction of pro-inflammatory cytokines and clearance of infection in mice 
[312]. Importantly, applying this principle in humans by treating chromoblastomy-
cosis patients with a topical application of imiquimod (a TLR7/8 agonist) resulted 
in a marked improvement of the lesions [73].

The cross talk between different PRR pathways is not limited to TLRs and CLRs. 
Synergistic activation of different receptors across other PRR families has also been 
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described. Such an example is provided in the sensing of chitin via TLR9, NOD2 (a 
member of the NOD-like receptor (NLR) family), and MR, which was shown to 
lead to the induction of IL-10 production [357].

Together, the induction of protective immunity against fungal pathogens thus 
depends on the balanced activation of different PRRs. The overall response to a 
particular fungal pathogen is determined by the coordinate action of qualitatively 
and quantitatively distinct signaling events that are further influenced by cell-type-
specific peculiarities of the responding cells. The detailed molecular events that 
control the cross talk of PRR signaling in response to fungal recognition remain not 
well understood.

2.3.12	 �Inflammasome Activation by Fungal Pathogens

Besides other cytokines and chemokines, many fungal pathogens induce the pro-
duction of IL-1β. Biosynthesis of bioactive IL-1β requires two independent signals. 
The first regulates transcription and translation of pro-IL-1β, and the second induces 
the proteolytic cleavage of pro-IL-1β into the active IL-1β [81]. Fungi trigger both 
steps of IL-1β synthesis. Importantly they induce proteolytic cleavage by caspase-1 
via the assembly of inflammasomes with distinct subunit composition.

C. albicans stimulates the assembly of a canonical inflammasome composed of 
the NOD-like receptor NLRP3 and ASC to provide a scaffold for caspase-1 activa-
tion [133, 149, 169, 194]. The importance of the NLRP3 inflammasome in antifun-
gal immunity was demonstrated in Nlrp3-deficient mice, which display an increased 
susceptibility to systemic and superficial candidiasis [41, 133, 149, 169]. Activation 
of the NLRP3 inflammasome by C. albicans depends on yeast-to-hyphal transition 
[169], which may reflect the dependence on β-glucan exposure at the fungal cell 
surface [56] and the secretion of secreted aspartyl proteinase (SAP) 2 and SAP6 
[268]. Similar data were also reported for A. fumigatus-infected human monocytes 
[290]. In addition to the NLRP3 inflammasome, the NLRC4 inflammasome was 
also shown to promote protective immunity to C. albicans in a model of mixed oral 
and systemic candidiasis [335]. Interestingly, the function of NLRC4 was attributed 
to the stromal cell compartment in this context [335]. Finally, NLRP10 was reported 
to be required for fungal control and survival in disseminated candidiasis [168].

Processing of IL-1β can be achieved, at least in some cases, by enzymes other 
than caspase-1. In the response to C. albicans, it was shown that caspase-8 and ASC 
can be recruited into a complex with CARD9/Bcl-10/MALT1 to give rise to a non-
canonical inflammasome that is able to process pro-IL-1β independently of caspase-
1 [131]. It may also modulate the activity of the NLRP3 inflammasome [110]. 
Interestingly, assembly and activation of the noncanonical caspase-8 inflammasome 
by C. albicans were independent of fungal internalization, indicating that cytosolic 
NLRs are not required in this process [131].

In certain cell types, the production of IL-1β was suggested to be completely 
independent of inflammasome activation. This is, for instance, the case in human 
monocytes, which constitutively express caspase-1 and release ATP and thus are 
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able to secrete bioactive IL-1β after stimulation through TLR2 or TLR4 alone [253] 
or combined stimulation of TLR2, MR, and dectin-1 [346]. In addition, IL-1β can 
be processed by neutrophil-derived proteinase-3 [95, 171] and by C. albicans-
derived aspartyl proteases [19]. Release of mature IL-1β from the producing cell is 
achieved via nonclassical protein secretion, a process that is ER/Golgi independent 
[273] and remains not well understood.

IL-1β is closely related to IL-1α, which signals through the same receptor. IL-1α 
also depends on processing for becoming bioactive, but it is not a substrate of cas-
pase-1 [81]. However, the NLRP3 inflammasome and caspase-1 were implicated 
indirectly in the secretion of IL-1α [193, 207, 326] by catalyzing the processing of 
IL-1β, which was proposed to bind to intracellular IL-1a and to serve as a shuttle for 
IL-1α release [103]. Cell surface-bound IL-1α [79, 320] can be cleaved by calpain I 
and II at the cell membrane [44, 185], and secreted pro-IL-1α can be processed by 
extracellular proteases [2, 3, 146]. IL-1α, which is constitutively expressed in some 
cells such as keratinocytes, is also released upon cytolytic cell death.

In addition that caspase-1 has a critical function in the processing of IL-1β, cas-
pase-1 activation can also induce pyroptosis, an inflammatory form of programmed 
cell death [358]. Pyroptosis results in DNA fragmentation and chromatin condensa-
tion. However, in contrast to apoptosis, which is a non-lytic mechanism, pyroptosis 
involves cell swelling, pore-mediated lysis, and release of intracellular components, 
which usually are not exposed to the extracellular compartment, including cytoplas-
mic cytokines such as IL-1α and IL-1β ATP, HMGB1, and nucleic acids. Due to 
their inflammatory properties when released in the extracellular environment, these 
molecules were also called damage-associated molecular patterns (DAMPs) [52]. 
For some of them, cellular receptors were identified that promote inflammatory 
responses [197]. Activation of caspase-1 is thus an important mechanism of the host 
to evaluate the degree of danger arising from a particular infection insult.

2.3.13	 �Complement

Complement activation plays a central role during bloodstream infections [87]. 
Fungal pathogens rapidly activate the complement via multiple pathways including 
the alternative complement pathway as it was shown for C. albicans and also for 
Zygomycetes [122, 123, 188]. Rapid activation of the C3 convertase leads to C. 
albicans opsonization by C3b binding to β-(1,6)-glucan [289], which facilitates 
phagocytosis by neutrophils in a CR3-dependent manner [190, 236, 289, 331]. 
Importantly, complement activation also results in the induction of anaphylatoxins 
C3a and C5a [331] with important immunostimulatory activities, in particular on 
neutrophils and monocytes [157], which are abundant in the circulation, and they 
can act as chemoattractants for these cells in tissues [361]. Mice lacking C3 or C5 
display an increased susceptibility to systemic candidiasis [12, 276, 341]. In case of 
C5 deficiency, the increased susceptibility is associated with an aberrant inflamma-
tory response that is marked by an increased release of TNF and IL-6 [244, 245]. In 
line, C5a enhances cytokine release from human PBMCs in response to C. albicans 
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[55]. Rapid activation of complement is thus critical for acute antifungal defense, 
especially during fungemia.

2.4	 �Innate Defense Mechanisms Against Fungal Pathogens

2.4.1	 �Tissue-Resident Immune Cells in Antifungal Defense

Within the tissue, fungal pathogens encounter different immune cells, some of 
which reside constitutively within peripheral tissue during homeostasis, while 
others only enter the tissue upon infection. Tissue-resident (TR) immune cells 
have gained increasing interest over recent years. Several subsets of lymphoid 
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and myeloid TR cells were identified. Their distribution is strongly tissue-depen-
dent with some being limited very selectively to the CNS, the epidermis of the 
skin, or the alveolar space of the lung. The myeloid TR cells are ontogenically 
distinct from myeloid cells in the bone marrow, blood, and secondary lymphoid 
organ. They are seeded as early as during embryonic hematopoiesis and self-
renew from local precursors. For TR cells of the lymphoid lineage, this remains 
less clear. TR immune cells are strategically located to monitor the mucosa and 
the skin for the presence of invading pathogens and to provide an immediate 
response. In addition, they may also fulfill regulatory functions to dampen inflam-
mation and prevent dysregulated immunity in case of harmless microbes. The 
difficulty to identify and to isolate these rare cells from the tissues, to maintain 
them in culture, or to generate them in vitro from precursors and the scarcity of 
genetic tools or antibody-mediated deletion strategies to study their role in vivo 
have greatly hampered their comprehensive investigation in the context of fungal 
infections. Here, we will discuss just a small selection of TR immune cells that 
were studied in the context of fungal infections, including TR macrophages, γδ T 
cells, and innate lymphoid cells. For a discussion of TR DCs, see the section on 
adaptive immunity.
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Alveolar macrophages, which reside in the airways, play a prominent role in host 
defense against airborne pathogens. Inhaled fungal spores, such as those of A. 
fumigatus, are normally taken up and killed efficiently by alveolar macrophages 
[15]. Fungal uptake was shown to be facilitated by pentraxin-3 [113]. Oxidative 
mechanisms in alveolar macrophages are responsible for limiting the germination 
and to kill the phagocytosed A. fumigatus spores [129]. However, if this process is 
not successful, the infection can progress toward invasive pulmonary aspergillosis. 
The importance of macrophages in protection from Aspergillus infection is also 
demonstrated by the observation that functional defects in macrophages in induc-
ible nitric oxide synthase (iNOS) or components of the myeloid NADPH oxidase 
predispose to Aspergillus infections [27].

During systemic candidiasis, CX3CR1+ macrophages in the kidney are neces-
sary for very early renal control of the fungus [216]. CX3CR1 deficiency, which 
affects the survival of the TR macrophages, is associated with defective protection 
from infection in mice. Moreover, the mutant allele CX3CR1-M280 is linked to an 
increased risk for systemic candidiasis in humans [216].

The interaction of macrophages with fungal pathogens was studied exten-
sively in vitro using macrophage cell lines and macrophages differentiated from 
human blood monocytes and murine bone marrow precursors, although it remains 
not well defined how these cells relate to TR macrophages. Several different 
strategies were identified how fungal pathogens survive after uptake by phago-
cytes [38]. Indeed, C. neoformans is able to survive and replicate within macro-
phage phagosomes [204, 342]. H. capsulatum, C. albicans, and C. glabrata can 
inhibit phagosomal maturation by inhibiting phagolysosomal fusion and altera-
tion of the phagolysosomal pH [88, 99, 305, 316]. Moreover, C. albicans and A. 
fumigatus can disrupt the phagosome by generating hyphae and thereby escape 
from macrophages, whereby this process often involves host cell death [192]. To 
what extent fungal escape from macrophages by lytic mechanisms are relevant 
in vivo remains unclear and contradictive. An example is provided by live imag-
ing of C. albicans-macrophage interactions in a zebra fish model, which revealed 
that C. albicans filamentation inside macrophages is prevented by NADPH oxi-
dase in vivo [36].

Macrophages have also developed strategies complementary to the ROS-
mediated ones to combat fungal growth inside the phagolysosome. An example is 
provided by the cytokine-regulated shift in metal homeostasis during Histoplasma 
capsulatum infection [369]. GM-CSF stimulates the selective shuffling of Zn2+ from 
the phagolysosome to the Golgi and thereby leads to deprivation of the fungus from 
Zn2+ to suppress fungal replication and promote fungal clearance [322].

In addition to myeloid TR cells, the skin and mucosa also contain TR lympho-
cytes, including γδ T cells and RAG-independent innate lymphoid cells (ILCs, 
also termed helper ILCs) with tissue-specific distribution and function [66]. A 
common feature is that they are preprogramed to rapidly produce cytokines in 
response to inflammatory or infectious stimuli, which are shared with conven-
tional T cells (in particular IFN-γ and IL-17; see below), albeit the kinetics of 
cytokine production are much faster. In addition to their protective role against 
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infectious insults, innate lymphocytes are implicated in keeping the commensal 
microbiota in barrier tissues in check. They can also promote autoinflammatory 
and autoimmune disorders if dysregulated [263, 311]. In the context of fungal 
infections, innate lymphocytes were studied mainly for their capacity to produce 
IL-17 in superficial candidiasis in mice. γδ T cells provide the primary source of 
IL-17 for protection in an acute model of cutaneous candidiasis [148, 160, 174], 
while ILCs, γδ T cells, and innate αβ T cells contribute in a redundant manner to 
the rapid production of this key protective cytokine during an acute model of oro-
pharyngeal candidiasis [62, 119].

2.4.2	 �Recruited Inflammatory Cells in Antifungal Defense

2.4.2.1	 �Neutrophils
Neutrophils are the most abundant circulating leukocytes and generally provide a 
first line of defense against invading microbes. Their key role in antifungal immu-
nity is evidenced by the strong association between neutropenia and fungal diseases 
[218]. Leukemic patients undergoing neutrophil-depleting cytotoxic chemotherapy 
frequently develop systemic candidiasis. Likewise, defects in neutrophil functions 
such as leukocyte adhesion deficiency (LAG) predispose to Pneumocystis carinii 
infections [140], NADPH oxidase deficiency (chronic granulomatous disease, 
CGD) is associated with invasive pulmonary aspergillosis [304], and MPO-deficient 
individuals display an increased incidence of C. albicans infections [202]. While 
these examples clearly illustrate the key role of neutrophils in systemic fungal dis-
eases, it remains unclear why and how different neutrophil defects are associated 
with different types of disease.

In the blood, neutrophils are for the fore to provide immediate protection against 
blood-borne microbes, while in the tissues, they reside at low numbers during steady 
state and are rapidly recruited upon infection and inflammation. Diverse molecules 
have chemotactic activity toward neutrophils, and many of them also promote neu-
trophil function such as CXC chemokines, anaphylatoxins, and HDPs. Neutrophils 
possess a broad spectrum of antimicrobial activities against intracellular and extra-
cellular microbes that can be classified in oxidative and non-oxidative 
mechanisms.

Neutrophils efficiently take up small microbes, including fungal spores and yeast 
cells [201]. Internalization is followed by phagosome maturation and assembly of 
the NADPH oxidase complex at the phagosomal membrane. The NADPH oxidase 
complex can also form at the plasma membrane in response to non-ingestible par-
ticles. The NADPH-dependent generation of superoxide and the consecutive forma-
tion of reactive oxygen species (ROS) are referred to as the respiratory burst [303]. 
ROS are a key component of the antimicrobial defense against intracellular and 
extracellular fungi due to their high fungicidal capacity. The respiratory burst fur-
ther contributes to microbial killing by inducing a potassium influx and activation of 
antifungal proteases within the phagosome [280]. The production of reactive nitro-
gen intermediates by the inducible nitric oxide synthase (iNOS) is another albeit 
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less well-studied oxidative system of neutrophils. Its relevance for antifungal 
defense is not clear, and evidence from experiments with iNOS-deficient animals 
suggests that it may be required for the control of only a few selected pathogens, 
such as C. neoformans [4].

Neutrophils are equipped with an armory of granules filled with proteases and 
other antimicrobial effectors. Distinct subsets of granules, which can be distin-
guished by their content, are formed sequentially during neutrophil maturation in 
the bone marrow [30]. Azurophilic granules contain MPO, azurocidin, cathepsin G, 
neutrophil elastase, proteinase 3, and others, and specific granules are rich in lacto-
ferrin and lysozyme, while tertiary granules, which are also called gelatinase gran-
ules, contain gelatinase and MMP9. Neutrophil granules also store HDPs produced 
by neutrophils such as cathelicidins and α-defensins (HNP1-HNP4, only in humans). 
Microbes are exposed to these proteases and antimicrobials upon fusion of the gran-
ules with the phagosome. Granules also fuse with the plasma membrane in a pro-
cess termed degranulation to release the granule content in the extracellular space 
against extracellular microbes, with the downside that they can also cause tissue 
damage [30]. The relevance of granule proteases for fungal killing was demon-
strated, in particular for cathepsin G, proteinase 3, and neutrophil elastase [255, 
280, 332]. Neutrophils also secrete cytokines that support their own antifungal 
activities and contribute to the regulation of the immune response more generally 
[329]. In this context, it was proposed that neutrophils, rather than cells of the lym-
phoid lineage, serve as the major source of IL-17 during fungal keratitis [327].

A final mechanism of neutrophil-mediated defense discussed here is the process 
of NETosis. Over the past decade, an increasing number of reports have shown that 
neutrophils can extrude stands of DNA with microbicidal proteins attached that can 
act as extracellular traps for microorganisms [35]. This process, which is also seen 
as an alternative form of neutrophil cell death, was shown to be selectively induced 
in response to fungal hyphae, which are too large to be phagocytosed, but not yeast 
cells [33]. NETosis involves chromatin decondensation, disintegration of the nuclear 
envelope and granule membranes, and disruption of the cell membrane [108]. This 
is dependent on NADPH oxidase and MPO and on the enzyme peptidyl arginine 
deiminase type IV (PAD4), which modifies arginine residues of histones to promote 
chromatin decondensation [360]. Consistent with the dependence on NADPH, res-
toration of NADPH deficiency in CGD patients by gene therapy restored NET for-
mation and relieved the patient’s susceptibility to A. nidulans [23]. A proteomic 
approach revealed that NETs are decorated with granule proteases and cytoplasmic 
effector proteins such as calprotectin [345]. NETs may thus provide not only a 
physical trap for pathogens but also act as a scaffold for fungicidal and fungistatic 
activities. NETosis may thus represent an adaption to infection by large pathogens. 
However, whether NETosis is required for combating fungal infections in  vivo 
remains a matter of debate and awaits confirmation.

2.4.2.2	 �Inflammatory Monocytes
Although neutrophils are undisputedly the primary inflammatory effector cells 
against fungal infections, it has become clear that blood-derived monocytes also 
contribute to host protection. This was studied primarily in a mouse model of 

S. Altmeier and S. LeibundGut-Landmann



55

invasive pulmonary aspergillosis. CCR2+ inflammatory monocytes contribute to 
innate protection from A. fumigatus in three ways. First, monocytes ingest conidia 
[92]; second, they are required for the production of IL-1α that promotes chemokine 
production and neutrophil recruitment [42]; and third, they shape the inflammatory 
milieu of the lung to enhance neutrophil candidacidal activity [42, 92]. Inflammatory 
monocytes also play a protective role during systemic candidiasis. Ccr2−/− mice 
display increased fungal burden at early time points and impaired survival, and 
adoptive transfer of monocytes prior to infection restores protection [256]. 
Inflammatory monocytes further contribute to host defense against fungal infection 
through their capacity to differentiate into macrophages and/or DCs under inflam-
matory conditions. Monocyte-derived macrophages are thought to be functionally 
similar to TR macrophages [38] (see above). Monocyte-derived DCs on the other 
hand contribute to adaptive immunity against A. fumigatus, C. albicans, and B. der-
matitidis by priming CD4+ T cells [90, 154, 337] (see below). Finally, monocytes 
themselves are able to confer protection from secondary infection through a process 
termed “trained immunity” [274]. Monocyte training is associated with epigenetic 
reprogramming in response to C. albicans and fungal cell wall β-glucans resulting 
in a shift in metabolism that is dependent on the activation of mammalian target of 
rapamycin (mTOR) and hypoxia-inducible factor-1α (HIF-1α) [54].

2.4.2.3	 �Natural Killer (NK) Cells and Natural Killer T (NKT) Cells
NK cells belong to the family of ILCs. To distinguish them from the family “helper 
ILCs” (see above), NK cells are also termed “killing ILCs” to account for their 
capacity to kill target cells by perforin- and death ligand-mediated mechanisms 
[78]. During steady state, NK cells are only sparsely found in tissues (with the 
exception of the liver where they reside constitutively at comparably large numbers 
[384]), but they can become recruited into tissues under inflammatory and infec-
tious conditions [215]. The activity of NK cells against diverse fungal pathogens 
was first tested in vitro. Thereby, NK cells were found to kill Paracoccidioides 
brasiliensis [166], Coccidioides immitis [265], Cryptococcus neoformans [219, 
246], Mucormycetes [301], and the hyphal form of A. fumigatus [32, 300]. 
Moreover, NK cells isolated from mice were shown to exert antifungal activity 
against C. albicans yeast [224], while their human counterparts display no or very 
limited antifungal activity against the same fungus [9, 10, 22]. The molecular basis 
and specificity of the interaction between NK cells and the different fungi have not 
been established. In addition to directly killing pathogens, NK cells can also act by 
secreting cytokines, in particular TNF, IFN-γ, and GM-CSF [351], which can 
enhance the survival and antimicrobial activity of neutrophils and macrophages 
[65, 82, 100, 223]. Indeed, it was shown that cytokines from C. albicans-stimu-
lated NK cells could enhance the antifungal activity of neutrophils [18, 352].

During infection in vivo, NK cells can act as a rapid source of IFN-γ, which is 
required for protection from A. fumigatus in neutropenic mice [264]. Similarly, NK 
cells are required for fungal control in a mouse model of C. neoformans infection 
[147]. NK cells also play a critical role during systemic candidiasis through the 
secretion of GM-CSF, which is induced by IL-23p19 derived from CD11c+ cells 
[18, 367]. NK cell-derived GM-CSF production in turn promotes neutrophil 
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survival and function [18]. The role of NK cells in systemic candidiasis was chal-
lenged by a contradictive report suggesting that the depletion of NK cells protects 
mice via attenuation of systemic inflammation [275]. Consistent/reminiscent with 
the primary role of NK cells in systemic immunity, NK cells appear to have no 
impact on fungal defense in barrier tissues such as during OPC [62].

NKT cells, which share common features with both NK cells and T cells, are 
involved in host defense against A. fumigatus [61]. NKT cells are activated via the 
recognition of β-glucans and production of IL-12 by DCs, while fungal lipids appear 
not to be involved for direct NKT cell stimulation [61]. This mechanism may thus 
broadly apply to antifungal NKT cell responses. However, contradictory reports on 
the role of NKT cells in antifungal defense also exist suggesting that cytokine pro-
duction by NKT cells is reduced in the presence of A. fumigatus [20].

2.4.2.4	 �Uncontrolled Inflammatory Responses
Although evolved for host protection, the armory of antimicrobial effector mole-
cules including ROS and proteases has the potential to harm the host. Therefore, to 
benefit the host, inflammatory responses depend on tight regulation. We still lack a 
comprehensive understanding of how inflammation is resolved after pathogen clear-
ance [309]. That inflammation induced by fungal pathogens can be deleterious to 
the host, rather than beneficial, is exemplified by the case of vulvovaginal candidia-
sis (VVC). Disease symptoms do not correlate with fungal load and are a conse-
quence of overt inflammation, rather than of the presence of the fungus. Indeed, the 
inflammatory infiltrate during symptomatic infection consists of neutrophils [104]. 
Using a mouse model of VVC, it was demonstrated that neutrophil recruitment is 
regulated independently of IL-23, IL-17, and IL-22 [379], but rather depends on the 
NLRP3 inflammasome, which is triggered by C. albicans-derived secreted aspartyl 
proteases (SAPs) [41, 268]. The role of IL-1R signaling versus pyroptosis has how-
ever not been tested in this context.

Similarly, immunopathological functions of neutrophils were described during 
systemic candidiasis. Whereas early neutrophil recruitment to the infected organs is 
associated with fungal clearance, the prolonged presence of neutrophils in the kid-
ney is associated with immunopathology [215]. Recruitment of neutrophils to the 
kidney at late time points and immunopathology depend on CCR1, the absence of 
which leads to improved renal function and host survival [214]. IFN type I signaling 
can also be deleterious for the host as it was shown in the context of systemic can-
didiasis in mice, where it promoted an overt neutrophil response [221]. Similarly, 
neutrophils may contribute to susceptibility rather than protection from infection 
during pulmonary cryptococcosis, despite the fact that these cells show fungicidal 
activity toward this pathogen in vitro [227].

2.5	 �Adaptive Antifungal Mechanisms

Adaptive immunity and CD4+ T cells in particular are key for protection from many 
fungal infections, as illustrated by the strong link between defects in T cell immu-
nity and severe fungal infections such as superficial candidiasis, pneumocystosis, 
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histoplasmosis, and cryptococcal infections. One of the most prominent examples 
are HIV/AIDS patients, in which low CD4+ T cell counts correlate with the occur-
rence of OPC and pneumocystis pneumonia [43, 183]. Other T cell defects predis-
posing for fungal infections include primary immunodeficiencies that result in 
impaired T cell development or function such as severe combined immunodefi-
ciency (SCID) [181], ZAP70 deficiency [180], and, albeit less specifically, cortico-
steroid therapy [181].

T cell immunity to fungal infections was studied for many years. Here, we sum-
marize the most important aspects of how antifungal T cell responses are initiated 
and regulated and how T cells contribute to protection.

2.5.1	 �Antigenic Specificity of Antifungal CD4+ T Cells

T cells carry antigen receptors that recognize antigenic peptides presented in the con-
text of MHC class II molecules on antigen-presenting cells. Each T cell carries anti-
gen receptors of a different specificity, and thereby the overall T cell population 
displays thereby a nearly unlimited diversity of different antigenic specificities. The T 
cell repertoire is generated through somatic recombination of germline-encoded gene 
segments. This process underlies a strict quality control and selection process to avoid 
the generation of self-reactive T cells. Antigen recognition by CD4+ T cells is limited 
to peptide antigens that are presented in the context of MHC class II molecules. To 
become fully functional, naïve T cells require stimulation by cognate antigen-MHC-II 
complexes that are presented by antigen-presenting cells to induce their activation and 
clonal expansion, which precedes their differentiation into effector T cells.

Although theoretically, the spectrum of antigenic peptides that can be generated 
from a complex microbe such as a fungus is nearly unlimited, the specificities of T 
cells that respond to a given pathogen during infection are limited to a restricted 
number of epitopes. Often, a significant proportion of all pathogen-specific T cells 
are directed toward only a few distinct peptides that are termed immunodominant T 
cell epitopes [6].

Only a few fungal T cell epitopes were identified to date. These include the C. 
albicans-derived pALS3236–253 and pADH126–140 epitopes, which are functionally 
conserved in diverse non-albicans species of Candida [17, 337]. pALS3236–253 is 
recognized by a major population of all C. albicans-specific CD4+ T cells in mice 
and humans, and it provides protection against experimental infection with C. albi-
cans if used as a vaccine [17]. Several other fungal antigens, such as the 65-kDa 
mannoprotein MP65 from C. albicans and heat shock protein from H. capsulatum 
and Paracoccidioides [250] were shown to act as a T cell antigens, although the 
precise range of amino acids binding to MHC-II molecules have not been deter-
mined in most cases. Recently, fungal calnexin, which is usually found in the ER but 
can also be displayed at the fungal cell surface, was identified as a novel T cell 
antigen shared across Ascomycota including the thermally dimorphic fungi, oppor-
tunistic molds, as well as Pseudogymnoascus destructans, the fungus causing the 
white nose syndrome in bats [370]. Vaccination experiments in mice have demon-
strated the immunogenicity of the calnexin-derived peptide epitope and its potential 
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as a vaccine candidate against multiple fungal pathogens. Importantly, human T 
cells from individuals with a prior history of infection with thermally dimorphic 
fungi displayed an enhanced response to calnexin compared to control subjects 
[370].

Of the several vaccine candidates that were reported in recent years [249], only 
two were taken forward and studied in human clinical trials so far [251]. One of 
them directed against C. albicans contains an N-terminal portion of Als3p (NDV-3) 
and may also act against methicillin-resistant Staphylococcus aureus [211, 382]. 
While NDV-3 mediates protection via Th1 and Th17 cells in preclinical studies 
[211], the vaccine also induces specific antibodies in humans [299].

The identification of fungal T cell epitopes not only opens new perspectives 
toward the development of novel vaccination approaches but also allows studying 
the generation and regulation of antifungal T cell immunity in more details. To this 
aim, MHC-II tetramers bound to the C. albicans-derived pALS3 or the H. 
capsulatum-derived calnexin peptide epitope were generated for the detection of 
antigen-specific T cells within the endogenous T cell repertoire [86, 370]. An alter-
native approach for studying antigen-specific T cell responses in vivo in experimen-
tal mouse models relies on adoptively transferred fungus-specific TCR-transgenic T 
cells. TRC-transgenic models were developed for A. fumigatus [283], C. albicans 
[337], and multiple thermally dimorphic fungi [372, 373]. Moreover, in case of 
unknown epitopes, fungal strains expressing model antigens, such as ovalbumin or 
I-Eα, were used in combination with established TCR-transgenic T cells specific for 
these model antigens to explore the antifungal T cell response in  vivo [160]. 
However, caution should be taken as the processing of model antigens might be dif-
ferent and might result in ineffective or altered generation of effector and memory 
T cells if compared to the response to endogenous antigens [371].

2.5.2	 �Effector T Cell Differentiation

Activation and differentiation of naïve T cells into effector and memory T cells is 
induced by DCs, which act as professional antigen-presenting cells (APCs). The 
APC function of DCs is regulated by PRR signaling in response to microbial stimuli 
promoting antigen uptake, processing, and presentation as well as enhanced expres-
sion of costimulatory molecules and secretion of inflammatory cytokines [167, 
281]. This coordinated process, also called DC maturation, is coupled to the migra-
tion of the DCs from the peripheral site of infection to the draining lymph node and 
is a prerequisite for efficient T cell priming.

The quality of the signals provided by the APCs, which is determined by the 
combination of PRRs triggered, instructs the polarization of the newly activated T 
cell into different subsets of effector cells, including Th1, Th2, Th17, and regulatory 
T cells (Treg). For an example, IL-12 promotes differentiation of CD4+ T cells into 
Th1 cells, whereas TGF-β and IL-6 promote their differentiation into Th17 cells. 
Moreover, maintenance of the Th17 fate requires IL-23 [222, 362]. Each effector T 
cell subset produces a set of effector cytokines with Th1 cells secreting IFN-γ and 
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Th17 cells secreting IL-17. These cytokines in turn mediate distinct effector 
responses that contribute to the elimination of pathogens but can also promote 
immunopathology if dysregulated. Thereby, the activation of a particular effector 
response to a specific pathogen is coupled to the induction of a particular (sets of) 
innate signaling pathway(s) in the APCs [167]. This is exemplified by Syk and 
Card9-coupled signaling in response to fungal PAMPs, which promotes preferential 
production of IL-6 and IL-23 and was linked to Th17 differentiation [203]. While 
activation of dectin-1 is sufficient for instructing this response, dectin-1 appears 
redundant in the context of infection with complex fungal pathogens that express a 
plethora of different PAMPs, by which multiple PRRs can be engaged simultane-
ously [203, 284, 372]. In addition to the Syk/Card9 pathway, MyD88-dependent 
signaling can also contribute to the promotion of Th17 differentiation [348, 372]. 
Moreover, environmental and tissue-specific factors can influence the polarization 
of T cell responses. This is highlighted by the example of C. albicans, which acti-
vates distinct effector T cell responses upon infection via different routes. A selec-
tive Th17 response is induced in the oral mucosa [17, 145], a mixed but balanced 
Th17/Th1 response in the skin [148, 160], and a predominant Th1 response with 
only a minor proportion of Th17 cells in response to systemic infection [337]. The 
reasons underlying these tissue-specific differences are not well understood, but 
they are thought to be due to differences in the DC composition between tissues and 
to the differential contribution of (secreted) factors from third-party cells that can 
modulate the overall response. The presence of regulatory T cells (Tregs) also 
appears to impact on the development of Th17 responses. They were shown to pro-
mote the differentiation of Th17 cells in response to C. albicans by consuming IL-2, 
which can have Th17-inhibitory effects [262]. Moreover, Tregs can themselves con-
vert into IL-17-producing cells in response to fungal stimuli [260]. Besides their 
role in maintaining tolerance and immune homeostasis, Tregs can thus also partici-
pate in protective immunity against fungal infections.

2.5.3	 �Dendritic Cell Subsets Regulating Effector T Cell 
Differentiation During Fungal Infections

DCs encompass heterogeneous subsets of mononuclear phagocytes (MNPs). They 
generally express high levels of CD11c and MHC-II and constitutively reside in 
secondary lymphoid organs or in peripheral tissue such as the skin and mucosa. DC 
subsets arise from precursors via distinct developmental programs [58]. Conventional 
DCs develop in a Flt3-dependent manner from a common macrophage and DC 
progenitor (MDP) via a common DC progenitor (CDP) [229]. They exist as Batf3-
independent or Batf3-dependent subsets that can also be distinguished by functional 
differences [229]. Langerhans cells, the prototypic DCs in the skin, originate from 
fetal liver precursors that are seeded prenatally and retain self-renewal capacity 
[151, 228]. Under inflammatory conditions, Ly6ChiCCR2+ monocytes differentiate 
into inflammatory DCs in an M-CSF-dependent manner and infiltrate into the tissue 
where they can take over bona fide APC functions [128]. The relative contribution 
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of distinct DC subsets for activation of adaptive immunity varies between different 
types of infections and differs between tissues.

Studies in mice have suggested that TR Langerhans cells are necessary and suf-
ficient for the development of Th17 responses against cutaneous candidiasis [160]. 
This was linked to the capacity of Langerhans cells to induce IL-6 in response to C. 
albicans yeast via dectin-1 [177]. The Th17-polarizing activity of Langerhans cells 
comes as a surprise as it was suggested that this DC subset has immunoregulatory 
rather than immunoactivatory functions in other models [175]. Indeed, during OPC 
in mice, Langerhans cells were not required for the activation of Th17 cells in the 
oral mucosa [337]. Instead, Flt3-dependent conventional DCs and CCR2-dependent 
monocyte-derived inflammatory DCs were shown to cooperate in transporting and 
presenting fungal antigens in the draining lymph nodes for T cell activation and dif-
ferentiation [337].

Monocyte-derived DCs are also critically involved in priming T cell responses 
during pulmonary fungal infections because depletion of CCR2+ inflammatory 
monocytes during experimental A. fumigatus infection resulted in reduced antigen 
transport to the lymph nodes and impaired priming of CD4 T cells [154]. The situ-
ation appears to be somewhat more complicated in case of infection with the ther-
mally dimorphic fungi. During subcutaneous infection with a vaccine strain of B. 
dermatitidis, monocyte-derived DCs were shown to be required for antigen trans-
port to the draining lymph nodes but insufficient for T cell priming, suggesting the 
involvement of antigen transfer to lymph node-resident conventional DCs [90].

2.5.4	 �T Cell Effector Functions Against Fungal Infections

In line with the differential activation of T cell subsets during fungal infections, 
distinct T cell subsets appear to have a selective capacity to protect against different 
forms of disease. Generally, Th1 cells are thought to protect against intracellular 
pathogens by promoting phagocyte function, while Th17 cells are effective against 
extracellular bacteria and fungi in barrier tissues. However, in most cases, the divi-
sion in labor is likely not restricted to a single cellular subset, and protection is 
rather achieved by the combined action of Th1 and Th17 cells with variable contri-
bution of the two subsets. In this context, it should also be noted that Th17 cells can 
display a significant degree of plasticity [294], although it remains unclear to what 
degree this applies to antifungal Th17 cells.

Over the last years, Th17 cells gained much attention for their nonredundant role 
in protection from superficial candidiasis. Since the first report linking defective 
Th17 immunity to CMC [120], an increasing number of primary immunodeficien-
cies were identified in CMC patients, most of which lead to a reduced Th17 response. 
Mutations include loss-of-function mutations in the genes for STAT3, DOCK8, and 
RORC, as well as gain-of-function mutations in STAT1, all of which affect the dif-
ferentiation of Th17 cells [13, 72, 89, 217, 230, 282, 347, 387]. The link between 
CMC and the IL-17 pathway was confirmed with the discovery of mutations affect-
ing the IL-17 pathway more directly, namely, those in the genes encoding IL-17F, 
IL-17RA, IL-17RC, and ACT1 [28, 212, 258, 271].
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The key role of the IL-17 pathway and more specifically the IL-17 family cyto-
kines IL-17A and IL-17F in protection from superficial candidiasis was also con-
firmed in mouse models of OPC and cutaneous candidiasis [63, 64, 118, 150, 178, 
366]. In contrast, the role of IL-17 during VVC still remains controversial [269, 
379]. Adoptive transfer of Th17 cells into a T cell-deficient host can enhance fungal 
control during murine OPC [145]. Vaccine-induced Th17 cells have also been 
implicated in protection from lethal pulmonary infection with B. dermatitidis [372] 
or in protection against systemic candidiasis [17, 211]. These studies provide direct 
evidence for the protective capacity of Th17 cells against different fungal 
infections.

In addition to CD4+ T cells, a number of other cell types can also produce IL-17. 
This may be particularly relevant in settings of CD4 deficiency such as in HIV/
AIDS patients. Experiments in mice have provided evidence that CD8+ T cells can 
confer protection and prevent fungal overgrowth in the absence of CD4+ T cells 
[145, 248]. In addition, innate lymphocytes have emerged as important alternative 
sources of IL-17. Their protective role was revealed in the context of OPC and cuta-
neous candidiasis in mice, both of which represent acute infections. The rapid pro-
duction of IL-17 by innate lymphocytes thus fills a gap at the onset of infection prior 
to the activation of the adaptive immune system ([313]). While γδ T cells act as an 
essential source of IL-17 in the skin [148, 160], ILCs, γδ T cells, and innate αβ T 
cells (also referred to as natural Th17 cell) can provide IL-17 in the oral mucosa of 
infected mice [62, 119]. The contribution of innate lymphocytes to IL-17-mediated 
antifungal defense in humans remains unclear. Given the continuous exposure to C. 
albicans, which is a commensal in humans, and the existence of C. albicans-respon-
sive memory Th17 cells in most healthy individuals [1], the relative roles of innate 
and adaptive IL-17 cellular sources are difficult to distinguish. Moreover, many 
immunodeficiencies associated with CMC or other forms of superficial candidiasis 
may affect IL-17 production beyond conventional Th17 cells. Indeed, recent studies 
revealed that ILCs are also depleted during HIV infection [135, 374], and cytokine 
production by ILCs in the oral mucosa was found to be decreased during simian 
immunodeficiency virus (SIV) infection [205]. Moreover, the functional defects of 
many polymorphisms affecting IL-17 signaling such as those of the IL-17RA, 
IL-17RC, and ACT1 genes cannot be attributed to any particular source of IL-17 and 
thus leave open the possibility that different cell types beyond Th17 cells may con-
tribute to IL-17 production in humans.

Irrespective of its cellular source, the mechanism(s), by which IL-17 mediates 
protection, remains not well understood. Early studies on the biology of IL-17 
found a direct link of IL-17 to neutrophil trafficking via the induction of granulopoi-
etic factors and neutrophil chemokines [106, 196]. Administration of recombinant 
IL-17 or exogenous expression of the cytokine promotes neutrophil recruitment 
[196, 232, 302], while IL-17 deficiency led to impaired neutrophil responses under 
various infectious conditions [53, 57, 343, 381]. In contrast, the IL-17 pathway was 
found to be redundant for the neutrophil response to C. albicans during OPC in 
mice [338]. Although neutrophils are critical for preventing fungal dissemination 
during the acute phase of infection, disruption of the IL-17 pathway did not affect 
neutrophil trafficking to the site of infection in the oral mucosa. Instead, IL-17 
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might exert its protective effects by regulating the production of HDP from the epi-
thelium [63, 338].

The observation that CMC is often an isolated disease in patients with defects in 
the IL-17 pathway suggests that IL-17 plays a unique role for defense against 
Candida in barrier tissues, while it seems to be less important for the control of 
other fungal (and generally microbial) infections. It may even play a pathological 
role in some cases [386]. In mice, IL-17 deficiency leads to an increased susceptibil-
ity for systemic candidiasis [156]. However, this is thought to be due to a develop-
mental defect in these mice rather than to a direct effect of IL-17 or Th17 cells 
during the course of infection [18]. It was recently proposed that the failure of T 
helper cell to contribute to protection from systemic candidiasis might be due to 
their inefficient recruitment to the kidney [86]. However, the kinetics of the disease 
suggest that fungal control depends primarily on innate immunity, primarily medi-
ated by myeloid cells.

In pulmonary fungal infections, type 1 may be more important for protection 
than type 17 immunity. Adoptive transfer of IFN-γ-producing Th1 cells can pro-
mote protection from H. capsulatum and A. fumigatus in experimental settings [49, 
297]. IFN-γ deficiency on the other hand impairs fungal control during experimen-
tal invasive pulmonary aspergillosis and C. neoformans infection [34, 51]. Whether 
the requirement for IFN-γ relied on Th1 cells or innate sources of IFN-γ, e.g., by 
NK cells, was not assessed in these early studies. Importantly, although Th1 cells 
may provide protection from A. fumigatus in some cases, natural defense against 
invasive pulmonary aspergillosis relies primarily on innate mechanisms, in particu-
lar those conveyed by neutrophils and macrophages [38].

Together, a picture of compartmentalized and tissue-specific antifungal immu-
nity emerges where T helper cells protect from opportunistic fungal pathogens, to 
which we are continuously exposed at epithelial barriers, whereby distinct Th cell 
subsets act at different body sites. In contrast, innate mechanisms of myeloid cells 
prevail for natural immunity against invasive and acute infections. Understanding 
the mechanisms of antifungal T cell activation, maintenance, and function remains 
an area of intense research and a prerequisite for future advances in the development 
of antifungal vaccines.

2.5.5	 �Antibody-Mediated Protection from Fungal Infections

Antibody-mediated immunity is generally thought to play a minor role for natural 
protection from fungal infections. Although antibodies are generated in response to 
commensal or environmental fungi and can be detected in the serum, their specifici-
ties are not usually protective to the host [68]. More recently, it has become clear 
that depending on the specificity and isotype, certain antibodies can modulate the 
course of fungal infections and thereby benefit or harm the host [47]. Antibody-
mediated immunity is now viewed as a promising therapeutic approach against fun-
gal infections, and several protective antibodies to fungi have now been developed 
[47]. They may act via different mechanisms. Antibodies directed against β-glucan 
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can inhibit fungal growth and biofilm formation by C. albicans and A. fumigatus 
[48, 124, 336]. Anti-cell wall mannoprotein antibodies can block adhesion of C. 
albicans [136, 235]. In contrast, antibodies directed against C. neoformans glucuro-
noxylomannan (GXM) [45, 46] protect via enhancing cellular immunity including 
phagocytosis and antibody-mediated cellular cytotoxicity, [47] but also the modula-
tion of the inflammatory response [96, 97].

The protective effect of several antifungal antibodies was demonstrated in ani-
mal models. Promising candidates include antibodies targeting β-glucans, which act 
against different fungal pathogens because these carbohydrate structures are phylo-
genetically conserved [336]. How antifungal vaccines are explored for vaccination 
approaches in humans is discussed in more details in the chapter “Vaccination 
Against Fungal Diseases.”
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3Genetics of Chronic Mucocutaneous 
Candidiasis
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and Frank L. van de Veerdonk

Abstract
Chronic mucocutaneous candidiasis (CMC) is a group of disorders characterized 
by recurrent and persistent infections of the skin, nails, and mucosal membranes 
with Candida species. Genetic factors play a critical role in the pathogenesis of 
CMC. Various disorders that impair the sensing of Candida or downstream IL-17 
signaling may cause CMC. This review will highlight novel findings regarding 
the genetics and pathogenesis of CMC in past few years.

3.1	 �Introduction

Chronic mucocutaneous candidiasis (CMC) is a group of disorders characterized by 
recurrent and persistent infections of the skin, nails, and mucosal membranes with 
Candida species, mainly Candida albicans (C. albicans) [1]. It was first described 
by Thorpe and Handley in 1929 [2]. CMC may present itself as a distinct clinical 
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entity called isolated CMC or CMC disease, in which CMC is the only or principal 
manifestation. It may also present as part of other immunodeficiencies, which is 
known as syndromic CMC. Moreover, CMC can be observed in addition to other 
infections in patients with acquired or inherited immunodeficiencies [3].

CMC was initially considered a genetic disease with defective cellular immunity 
in 1969 [4]. With the development of novel human genetics screening tools, genetic 
factors of CMC have been extensively studied in the past decide. Various defects 
that impair the sensing of Candida or downstream IL-17 signaling may lead to 
CMC [3]. These breakthroughs have led to novel insights in the genetic and molecu-
lar pathogenesis of CMC as well as other infections. In the present overview, we 
will summarize findings of the genetics of CMC, which may facilitate the diagnosis 
and genetic counseling in both familial and sporadic CMC patients, and this can 
pave the way for developing precise immunotherapeutic strategies for these patients 
in the future. An overview of the genetics and mechanisms of CMC are depicted in 
Table 3.1.

3.2	 �Inheritance of Isolated CMC

3.2.1	 �STAT1 Mutation

In 2011, heterozygous gain-of-function (GOF) mutations in signal transducer and 
activator of transcription 1 (STAT1) were first described to cause autosomal domi-
nant (AD) CMC [37, 38], which was confirmed by many other studies as the main 
hereditary cause of isolated CMC. Due to the high frequency of mutations, it is 
suggested that all patients suspected of AD-CMC should be sequenced for STAT1 
mutations [5]. Up till now, more than 123 patients with 32 different STAT1 variants 
have been reported in the literature [3, 5, 6, 39–49]. The majority of GOF-STAT1 
mutations are confirmed to be in the coiled-coil domain (CCD), with 22 different 
variants and 98 patients infected, whereas 10 variants involving 25 patients in the 
DNA-binding domain (DBD) were also described (Table 3.2).

STAT1 is the major signaling molecule downstream of interferon (IFN) recep-
tors. Triggered by IFNs, STAT1 translocates to the nucleus and triggers the tran-
scription of IFNs-inducible genes, which play a pivotal role in the defense against 
pathogens [50]. GOF STAT1 mutations, located in either in CCD or DBD, lead to 
hyperphosphorylation of STAT1 upon IFN-α, IFN-γ, and IL-27 stimulations and 
accumulation of phosphorylated STAT1 in the nucleus, which may shift the immune 
response away from a STAT3-mediated induction of Th17 cell generation [5, 37, 
38]. Recent reports explained that GOF-STAT1 mutations do not impair STAT3 
phosphorylation, homodimer formation, nuclear translocation, or DNA binding, but 
impair STAT3-dependent gene transcription, needed to induce optimal Th17 
responses, which could be further reversed by preventing STAT1 phosphorylation 
directly or by inhibiting histone deacetylases (HDACs) [37, 51].

It was described in a recent study that the main clinical feature of these CMC 
patients with GOF of STAT1 mutations is oral candidiasis, in 73% of patients, with 
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Table 3.1  Summary of genetics of chronic mucocutaneous candidiasis

Gene
Mode of 
inheritance Disease

Immunological 
phenotype Refs.

Isolated CMC

STAT1 AD CMC Impaired IL-17A 
and IL-22 
production and 
Th17 
differentiation

[5, 6]

CARD9 AR CMC, Candida 
meningoencephalitis

Reduced TNF-α 
production and 
circulating 
IL-17-producing 
T cells

[4]

IL-17F AD CMC Defective IL-17F 
bioactivity

[7]

IL-17RA/C AR CMC Lack of cellular 
responses to 
IL-17A and 
IL-17F

[7, 8]

ACT1 AR CMC Impaired IL-17 
signaling

[9]

Syndromic CMC

STAT3 AD HIES Impaired Th17 
differentiation 
and IL-17A and 
IL-22 production

[10, 11]

DOCK8 AR HIES, combined 
immunodeficiencies

Impaired Th17 
differentiation

[12]

PGM3 AR HIES Abnormal Th1/
Th2 
differentiation

2014JACI

AIRE AR APECED Autoantibodies 
against IL-17 and 
IL-22

[13]

CMC associated PIDs

TYK2 AR Increased risk for 
mycobacterial and viral 
infections

Reduced Th1 and 
type I IFN 
responses

[14, 15]

IL-12RB1 AR Increased risk for CMC 
and mycobacterial and 
Salmonella infections

Loss of function 
of IL-12 and 
IL-23 receptor, 
diminished 
IFN- γ and IL-17

[16, 17]

IL-12p40 AR Increased risk for CMC 
and mycobacterial and 
Salmonella infections

Impaired IL-17 
immunity

2013 
medicine
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Table 3.1  (continued)

Gene
Mode of 
inheritance Disease

Immunological 
phenotype Refs.

RORC AR Increased risk for 
candidiasis and 
mycobacteriosis

Absence of 
IL-17A/F--
producing T cells

[18]

MALT1, 
BCL10, 
CARD11

AR Combined 
immunodeficiencies

Defects of the 3 
components of 
the CBM 
complex

[19]

IL2RA AR Candida esophagitis Reduced number 
of CD4+ cells

[20]

NEMO,  
IKBA,  
MST1/ 
STK4,  
CRACM1,  
etc.

AT/
AD/X--
linked

Combined 
immunodeficiencies

T-cell deficiency [21–27]

JAK3,  
RAG1,  
RAG2,  
ARTEMIS,  
etc.

AR/XR Severe combined 
immunodeficiencies

T-cell deficiency, 
lymphopenia

[28]

UNC119, 
MAGT1, 
RAG1

AT/
AD/X--
linked

Idiopathic CD4 
lymphopenia

Lymphopenia [29–31]

GJB2 AD KID syndrome Unknown 2013JAAD

CMC susceptibility

Dectin-1 AR Candida colonization, 
RVVC, onychomycosis

Cytokine 
responses 
deficiency of 
β-glucan 
recognition

[32, 33]

TLR3 AR CMC and Bacterial and 
CMV infections

Decreased IFN-γ 
levels

[34, 35]

PTPN22 AD CMC and microbial 
infections

Unknown [36]

PID primary immunodeficiency, CMC chronic mucocutaneous candidiasis, HIES Hyper-IgE 
syndrome, APECED autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, 
CGD Chronic granulomatous disease, STAT signal transducer and activator of transcription, 
CARD caspase recruitment domain-containing protein, IL interleukin, DOCK8 dedicator of 
cytokinesis 8, AIRE autoimmune regulator, TYK2 tyrosine kinase 2, MALT mucosa-associated 
lymphoid tissue, BCL10 B-cell lymphoma10, CBM CARD-BCL10-MALT1 complex, JAK 
Janus kinase, CD cluster of differentiation, IFN interferon, NADPH nicotinamide adenine dinu-
cleotide phosphate, TNF tumor necrosis factor, AD autosomal dominant, AR autosomal reces-
sive, Th T helper
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a tendency to become chronic if untreated [5]. Antifungal treatment with azoles led 
to a partial remission in 62% of patients, with complete response in 38% of patients 
[5]. Autoimmune conditions, such as hypothyroidism, were also common, with 
44% of patients affected [5]. One important issue that is still not clear is whether 
there is a genotype-phenotype association. Until now the patient cohorts have been 
too small to answer this question. GOF mutation of STAT1 is also associated with a 
spectrum of other fungal infections such as cutaneous fusariosis, disseminated coc-
cidioidomycosis and histoplasmosis, Penicillium marneffei infections, and dissemi-
nated mucormycosis [7, 52–54], highlighting the important role of STAT1 in fungal 
infections.

All these genetic and functional studies have important clinical implications, 
which contribute to the development of new approaches to treat CMC. Hematopoietic 
stem cell transplantation (HSCT) has been tried in patients with CMC with non-
successful outcome [8]. Pilot studies of continuous G-CSF therapy [9] and oral 
Janus kinase [55] family protein tyrosine kinase inhibitor ruxolitinib [10, 11] have 
been described to successively treat CMC patients harboring STAT1 mutations, 
which are considered as promising immunotherapies in the future, although treat-
ment with G-CSF has also been reported to fail in two patients with STAT1 GOF 
mutation [56].

3.2.2	 �CARD9 Mutation

In 2009, autosomal recessive (AR) caspase recruitment domain-containing pro-
tein 9 (CARD9) deficiencies were discovered to cause isolated CMC, which for 
the first time reported isolated CMC as a monogenic disease [57]. CARD9 is a key 
adaptor molecule expressed in myeloid cells downstream of the pattern recogni-
tion receptors (PRRs) that recognize fungal cell wall components and subse-
quently activate spleen tyrosine kinase (SYK) [58]. After phosphorylation, 
CARD9 binds B-cell lymphoma 10 (BCL10) and mucosa-associated lymphoid 
tissue lymphoma-translocation gene 1 (MALT1) to form CBM complex, resulting 
in nuclear factor κB (NF-κB) activation and innate antifungal immunity, thereby 
triggering the differentiation of naïve T cells into T helper (Th) 17 cells [12]. 
CARD9-deficient patients show reduced TNF-α production and circulating inter-
leukin (IL)-17-producing T cells [57], underscoring the importance of CARD9-
dependent pattern recognition signaling in mucocutaneous antifungal host 
defense.

Besides, CARD9 deficiencies also predispose to invasive fungal infections, such 
as Candida dubliniensis meningoencephalitis [59] and relapsing C. albicans menin-
goencephalitis [60, 61]. Patients showed normal IL-17 but reduced GM-CSF pro-
duction, which had a complete clinical remission with GM-CSF therapy [60]. 
Moreover, idiopathic deep dermatophytosis, subcutaneous pheohyphomycosis, and 
invasive Exophiala infections have also been reported in AR CARD9 deficient 
patients [62–65], underscoring the importance of CARD9-dependent pattern recog-
nition signaling in both mucocutaneous and invasive antifungal host defense.

X. Wang et al.
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3.2.3	 �IL-17 and IL-17R Mutations

Th17 cells are characterized by their production of IL-17A and IL-17F that signal 
through the IL-17RA/RC heterodimer complex, triggering downstream formation 
of the IL-17R-Act1-TRAF6 complex leading to NF-κB activation [66]. IL-17A and 
IL-17F, together with IL-22, promote mucocutaneous antifungal immunity through 
activating epithelial cells, increasing neutrophil recruitment, and inducing the pro-
duction of chemokines and antimicrobial peptides [3]. The crucial role of the IL-17 
cytokines and IL-17R signaling in antifungal defense is further underscored by the 
discovery of mutations in these cytokines and its signaling pathway. Partial AD 
IL-17F deficiency was reported to be the cause of CMC in one family, with mutant 
IL-17F displaying impaired activity [67].

Moreover, complete AR deficiency in IL-17RA and recently AR deficiency in 
IL-17RC were reported in several kindreds of isolated CMC from two studies [67, 
68]. A recent study reported a family of two siblings with recurrent CMC, 
Staphylococcus aureus infections, chronic inflammatory disease, and vasculitis 
since early childhood. They both harbored homozygous deletion of IL-17RA and 
CECR1 (ADA2) mutations, showing a severe malfunction in the IL-17 signaling 
pathway and in vitro and in vivo upregulation of proinflammatory cytokines [13]. 
All these patients are homozygous for different alleles that abolish the expression of 
IL-17RA or IL-17RC that prevents cellular responses of IL-17A and IL-17F signal-
ing [67, 68].

3.2.4	 �ACT1 Mutation

In addition to IL-17 and its receptors, a deficiency in ACT1, a key adaptor molecule 
downstream of IL-17R signaling, has also been reported, and the clinical phenotype 
was characterized by CMC. This missense mutation, located in the SEFIR domain, 
impaired the interaction of ACT1 with the IL-17 receptor units, subsequently lead-
ing to deficient IL-17 signaling [69], which demonstrates once more the importance 
of IL-17 signaling in CMC.

3.3	 �Inheritance of Syndromic CMC

3.3.1	 �AD-HIES

Hyper-IgE syndrome (HIES) is characterized by CMC, elevated serum IgE, eosino-
philia, eczema, skeletal abnormalities, and recurrent staphylococcal infections, first 
described as Job’s syndrome in 1966 [70]. In 2007, loss-of-function mutation in 
STAT3 was first discovered to cause AD-HIES [16, 71]. Since then STAT3 mutations 
have been identified in more AD-HIES patients, and these mutations now account for 
the cause of disease in 60–70% of patients with HIES [17]. STAT3, another STAT 
family member, regulates multiple cytokine signaling pathways, including IL-6, 
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IL-21, and IL-23, which are all involved in the development of Th17 cell cells [16]. 
In AD-HIES patients with dominant-negative STAT3 mutations, peripheral blood 
cells showed defective IL-6, IL-10, and IL-21 signaling, with impaired induction of 
RORγt mRNA, which resulted in greatly diminished Th17 cells differentiation [14, 
16, 71, 72]. Impaired Th17 responses are associated with impaired neutrophil che-
moattractive factors and epithelial antimicrobial peptides, which in this way increases 
the susceptibility to Candida and staphylococcal infections [16, 71].

3.3.2	 �AR-HIES

Besides AD trait, HIES was also reported to be AR, with homozygous or compound 
heterozygous mutations in Dedicator of cytokinesis 8 (DOCK8) as the most com-
mon cause [15]. AR-HIES is a severe entity with a mortality of 48%, characterized 
by elevated serum IgE, eosinophilia, eczema, recurrent bacterial infections, and 
CMC, as classic AD-HIES, but lack connective tissue and skeletal affection, while 
in addition these patients have a clear increased susceptibility to recurrent viral 
infections (herpes simplex, varicella zoster, human papilloma, and molluscum con-
tagiosum viruses), asthma, severe allergies, and malignancies at young age [18–20]. 
DOCK8 is a member of the DOCK180-related family of atypical guanine nucleo-
tide exchange factors, which interacts with Rho GTPases. It has regulatory func-
tions in cell migration, morphology, adhesion, and growth [73]. It is expressed by 
monocytes, B lymphocytes, and T lymphocytes and is associated with the cytoskel-
eton formation [21]. DOCK8-deficient patients usually have CD4 and CD8 T-cell 
lymphopenias and to a lesser extent decreased NK cells and B cells. These patients 
have mildly to moderately decreased percentages of IL-17-producing cells after 
activation with anti-CD3 and anti-CD28, although the induction of RORγt expres-
sion in naive T cells was intact, suggesting a defect in late differentiation or long-
term survival of Th17 cells. These findings could, to some extent, explain an 
increased susceptibility to CMC [21]. In patients with DOCK8-deficient AR-HIES, 
several studies suggest HSCT as a curative option that decreases the high mortality 
associated with this severe immunodeficiency [22–26].

Besides DOCK8 accounting for 80% of affected AR-HIES patients, phosphoglu-
comutase 3 (PGM3) mutations were also reported to cause AR-HIES in a recent 
study [55]. PGM3 is a key enzyme in the glycosylation pathway, which catalyzes a 
crucial step in the synthesis of uridine diphosphate N-acetylglucosamine, which is 
required for the biosynthesis of N-glycans. Patients were demonstrated to have an 
abnormal Th1/Th2 differentiation and decreased B-cell numbers, but the exact 
mechanism remains elusive [55].

3.3.3	 �APECED

The syndrome of autoimmune polyendocrinopathy-candidiasis-ectodermal dystro-
phy (APECED), or autoimmune polyendocrine syndrome 1 (APS-1), is a rare AR 
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syndrome characterized by CMC (which is often the earliest manifestation of the 
syndrome), multiple autoimmune endocrinopathies, hypoparathyroidism, and adre-
nal insufficiency. The identification of the genetic cause of APECED was found to 
be due to mutations in the autoimmune regulator (AIRE) gene discovered in 1997 
[27]. AIRE is a transcription factor expressed by medullary thymic epithelial cells 
and is responsible for the expression of a wide variety of tissue-specific antigens in 
the thymus. Nonfunctional AIRE in patients leads to impaired central T-cell toler-
ance, with the generation of autoantibodies. High levels of neutralizing autoanti-
bodies against IL-17A, IL-17F, and/or IL-22 have been detected in APECED 
patients, which might account for CMC observed in these patients [28, 29].

3.4	 �Inheritance of CMC Associated with PIDs

3.4.1	 �MSMD and CMC

Mendelian susceptibility to mycobacterial disease (MSMD) is associated with 
monogenic inheritance, which is characterized by selective susceptibility to atypical 
mycobacteria. Several genetic etiologies of MSMD have been reported so far, 
mainly with inborn errors of IFNγ immunity. Interestingly, a subset of patients with 
MSMD displays susceptibility to both candidiasis and mycobacteria.

Tyrosine kinase 2 (Tyk2) is a member of the Janus kinase [55] family that signals 
downstream of IL-12 and IL-23 and hence might link to reduced Th1 and type I IFN 
responses [30]. One case of AR-HIES has been reported to carry a homozygous 
nonsense mutation in Tyk2 with mild CMC [30]. However, eight case of Tyk2 defi-
ciencies without HIES but with mycobacterial and viral infections have been 
reported recently [31, 74]. It is suggested that the core clinical phenotype of Tyk2 
deficiency is increased susceptibility to mycobacterial and/or viral infections, 
caused by impaired responses to IL-12 and IFN-α/β [74].

IL-12Rβ1 deficiency is the most common genetic cause underlying MSMD [75]. 
IL-12RB1 gene encodes the first chain of the IL-12 and IL-23 receptors. IL-12 is 
important for the development of IFNγ-producing T cells and IFNγ production, 
whereas IL-23 is important for the development and maintenance of the Th17 cell 
population [76]. Therefore, IL-12Rβ1 deficiencies predispose not only to mycobac-
teria and Salmonella infections but also mild forms of CMC, which indeed have 
been reported with a frequency of 25% in patients with IL-12Rβ1 deficiency [77].

Autosomal recessive IL-12p40 deficiencies were also demonstrated as the 
genetic etiology of MSMD, although the incidence of Candida infections (6.7%) 
was significantly lower than IL-12Rβ1-deficient patients. Patients with IL-12p40 
deficiency suffer from CMC because of impaired IL-23-dependent IL-17 immunity, 
in a similar way of IL-12Rβ1 deficiency [55].

RAR-related orphan receptor C (RORC), which encodes RORγ, is the master gene 
controlling Th17 cells differentiation. Homozygous loss-of-function mutations in RORC 
have been described to cause a PID that is predominantly characterized by an increased 
susceptibility to mycobacterial infection, and Candida infections in some cases [78].
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3.4.2	 �CID and CMC

Patients with combined immunodeficiencies (CID), severe combined immunodefi-
ciencies (SCID), and idiopathic CD4 lymphopenia may also develop CMC in 
infancy due to T-cell deficiency, in addition to multiple other infectious and autoim-
mune diseases. Biallelic loss-of-function mutations in three components of the 
CBM complex, including CARD9, CARD11, BCL10, and MALT1, have recently 
been linked to CID in seven patients [79]. A broad range of clinical manifestations 
of T- and B-lymphocyte defects including mucosal candidiasis are described in 
these patients [79].

CD25, encoded by the IL2RA gene, is the α-subunit of the IL-2 receptor, which 
is constitutively expressed on T regulatory cells and involved in the differentiation 
of effector T cells [80]. In 1995, a patient with a deletion in the IL2RA gene was 
reported to suffer from esophageal candidiasis [80]. Recent studies also found het-
erozygous mutations of STAT1 to be associated with progressive CID [81]. Patients 
display progressive loss of T- and B-lymphocytes number and functions, accompa-
nied by increasing autoimmune features and fatal infections, including mucocutane-
ous candidiasis [81].

Furthermore, other mutations causing CID (NEMO, IKBA, MST1/STK4, 
CRACM1) [32–34, 82–85], SCID (JAK3, RAG1, RAG2, ARTEMIS, and more than 
30 genes) [35], and idiopathic CD4 lymphopenia (UNC119, MAGT1, RAG1) [86–
88] were also reported to precipitate CMC and invasive candidiasis as part of the 
clinical spectrum, demonstrating the crucial role of CD4 T cells in host defense.

3.4.3	 �KID and CMC

Keratitis, ichthyosis, and deafness (KID) syndrome is a rare disorder named for the 
clinical triad of characteristics. It is associated with genetic mutations in the GJB2 
gene, which encodes connexin 26, a gap junction protein involved in the formation 
of intercellular channels with a putative role in epithelial differentiation. CMC and 
bacterial superinfection are common infectious complications of this disease; how-
ever, the exact mechanism remains to be determined [89].

3.5	 �Polygenic Inheritance of CMC

Besides the monogenic disorders of CMC described above, several studies have 
suggested a role for polymorphisms in certain PRRs and cytokines causing suscep-
tibility to CMC. A homozygous Dectin-1 Y238X polymorphism was first described 
in a family to cause RVVC and onychomycosis, with diminished capacity of 
β-glucan recognition and Th17 responses [90]. This early stop codon SNP has fur-
ther been shown to be associated with increased Candida colonization in a cohort of 
hematopoietic stem cell transplant (HSCT) patients [91], but not with systemic can-
didiasis in a case-control study of candidemia patients [92]. TLR3 polymorphisms 
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have also been shown to influence susceptibility to CMC due to decreased IFNγ 
production [36, 93]. Moreover, polymorphisms in the gene encoding the protein 
PTPN22, which is involved in T-cell and B-cell receptor signaling, was associated 
with an increased risk of CMC in one study [94].

3.6	 �Conclusions

In recent years the genetic of CMC has been extensively explored, which has led to 
novel insights in the pathogenesis of candidiasis. Especially, next-generation 
sequencing has contributed to the identification of monogenetic disorders with 
CMC.  This approach has identified key pathways in the host defense against 
Candida infections, such as the importance of an optimal IL-17 signaling pathway 
in preventing mucocutaneous candidiasis. These studies do not only contribute to 
new insights but will prove to be an essential element to guide the development of 
future immunotherapeutic strategies.
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Abstract
The phagocyte NADPH oxidase is rapidly activated as an emergency response to 
infection. Activation of the NADPH oxidase requires translocation of cytoplasmic 
constituents to a membrane-bound flavocytochrome, and results in the conversion of 
molecular oxygen to superoxide anion and downstream reactive oxidant metabolites. 
Chronic granulomatous disease (CGD) is an inherited disorder of the NADPH oxi-
dase characterized by recurrent and severe bacterial and fungal infections. Invasive 
aspergillosis and other filamentous fungi are the major causes of mortality in CGD. 
CGD is also characterized by inflammatory disorders, including inflammatory bowel 
disease, obstructive granulomata of the genitourinary tract, and pneumonitis. These 
findings underscore the dual role of NADPH oxidase as a critical component of host 
defense and as a modulator of inflammation.  Management of CGD patients involves 
antibacterial and antifungal prophylaxis, recombinant interferon-γ, and early diagno-
sis and treatment of infections. Hematopoietic stem cell transplantation is a poten-
tially curative treatment for CGD, and is being used with greater frequency. 
Knowledge gained from CGD patients and engineered mouse models have resulted 
in important insight regarding host and fungal pathogen interactions that determine 
control versus progression of infection and pathways that activate and limit inflam-
matory responses. This knowledge is broadly important to our understanding of 
innate immunity and for the development of novel immunotherapy approaches.
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4.1	 �Introduction

Chronic granulomatous disease (CGD) is an inherited disorder of NADPH oxidase 
characterized by life-threatening bacterial and fungal diseases and by abnormally 
exuberant inflammatory responses (e.g., inflammatory bowel disease, obstructive 
granulomata of the genitourinary tract) [1]. The phagocyte NADPH oxidase (NOX2) 
is responsible for the respiratory burst, a rapid consumption of oxygen which gener-
ates superoxide anion. NOX2 activation occurs in response to physiologic stimuli 
such as opsonized particles, integrin-dependent adhesion to the extracellular matrix 
[2, 3], and ligation of specific pathogen recognition receptors [4, 5, 6]. CGD is both 
a disease of impaired host defense and dysregulated inflammation. Patients with 
CGD suffer from recurrent and life-threatening bacterial and fungal infections and 
from excessive inflammation, including Crohn’s-like inflammatory bowel disease, 
obstructive inflammation of the genitourinary tract, and pneumonitis resembling sar-
coidosis [7, 8]. Infections by Aspergillus species and other filamentous fungi are the 
major causes of mortality in CGD. The following chapter will review complications 
of CGD, including susceptibility to Aspergillus species; standard prophylaxis and 
treatment for CGD, including immunotherapies; and also the role of innate immunity 
in anti-fungal defense. Allogeneic HSCT is presently the definitive curative treat-
ment for CGD. As a hematopoietic stem cell disorder, gene therapy has been evalu-
ated for decades and remains an active area of research; the major hurdle relates to 
maintaining a stable long-term population of gene-corrected cells.

4.2	 �Infectious Complications in CGD

Patients with X-linked CGD typically have a greater risk for infectious complica-
tions than autosomal recessive forms of CGD [8]. This increased risk likely reflects 
complete absence of NOX2 activity with mutations that completely disable gp91phox 
function. Kuhns et al. [12] showed that residual NOX2 activity in neutrophils from 
CGD patients was associated with less severe illness and a greater likelihood of long-
term survival than patients with little or no NOX2 function. This effect on survival 
was observed in both X-linked and autosomal recessive forms of CGD. These results 
demonstrate that even low residual levels of NOX2 activity in neutrophils are protec-
tive and support the notion that a small proportion of NOX2-competent neutrophils 
that may be achievable with gene therapy will reduce infection risk in CGD patients.

CGD patients are at high risk for a limited spectrum of pathogens [7, 8], highlight-
ing the fact that pathogens have varying sensitivity to NOX2-dependent host defense. 
In a US data registry of 368 patients with CGD, pneumonia was the most frequent 
infection with aspergillosis being the most common pathogen [8]. Other major infec-
tions included suppurative adenitis, soft tissue abscesses, and liver abscesses with 
Staphylococcus aureus being the most common cause. Serratia infection (commonly 
manifesting as osteomyelitis), Burkholderia cepacia (commonly manifesting as 
pneumonia and sepsis), Salmonella sepsis were also common complications. 
Nocardiosis typically manifests as pulmonary infection in CGD. In a review of the 
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NIH experience of 28 episodes of nocardiosis in CGD, 25% had disseminated infec-
tion, and one-third had concurrent fungal infections [13]. Analysis of clinical data 
from 429 European patients with CGD showed that the most frequently cultured 
pathogens per episode were Staphylococcus aureus (30%) and Aspergillus spp. 
(26%); Aspergillus species (111 cases) was the most common cause of pneumonia 
[7]. CGD patients do not appear to be at increased risk for several pathogens that are 
commonly observed in the general population (e.g., streptococcal infections) or 
opportunistic pathogens that commonly affect other immunocompromised patients, 
such as Pseudomonas aeruginosa infections in patients with chemotherapy-induced 
neutropenia, and neutrophil bactericidal studies demonstrate NOX2-independent 
killing of these pathogens [14, 15]. These results show that NOX2 has a required host 
defense function to protect against specific pathogens, while NOX2-independent 
pathways are required to defend against others.

4.3	 �Clinical Manifestations of Invasive Aspergillosis in CGD

Aspergillosis and other filamentous fungi account for a substantial proportion of 
infection-related mortality in CGD. In the US data registry, about one-third of the 
368 patients had an episode of Aspergillus pneumonia [8]. In a French national 
database, the overall incidence of invasive fungal diseases was 0.040/patient-years, 
with aspergillosis accounting for 40% [16]. Very rarely, invasive aspergillosis may 
occur in a female carrier of X-linked CGD in whom the random process of lyoniza-
tion (X-chromosome inactivation) has led to a skewing of the circulating normal 
neutrophil population to less than 10% oxidant competent [17].

Aspergillus fumigatus and Aspergillus nidulans are the most common Aspergillus 
species in CGD. With the exception of CGD patients, A. nidulans is a rare pathogen. 
We reviewed all cases in which A. nidulans was isolated from patients at the National 
Institutes of Health (Bethesda, MD) between 1976 and 1997 [10]. A. nidulans infec-
tion occurred in six patients with CGD, but was not a pathogen in any other patient 
group. A. fumigatus was a more common pathogen in CGD (n = 17 cases), but A. 
nidulans was more virulent. A. nidulans was significantly more likely to result in 
death compared with A. fumigatus (3 of 6 versus 1 of 17 cases, respectively), to 
involve adjacent bone, and to cause disseminated disease. Patients with A. nidulans 
received longer courses of amphotericin B therapy than patients with A. fumigatus 
and were treated with surgery more often. In contrast to A. fumigatus, A. nidulans 
was generally refractory to intensive antifungal therapy, suggesting that early surgery 
may be important. However, the need for early resection of pulmonary lesions will 
need to be reevaluated with the availability of extended spectrum azoles (see Sect. 
4.3.1). Kontoyiannis et al. [18] found that A. nidulans isolates were frequently resis-
tant to amphotericin B, another potential cause of treatment failure in CGD patients.

CGD patients often do not have typical symptoms and signs of infection [19]. 
Fever and leukocytosis may be absent, and an elevated sedimentation rate may be 
the only abnormal laboratory test [19]. In a review of aspergillosis in CGD patients 
at the NIH, one-third of patients were asymptomatic at diagnosis and only ~20% 
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were febrile [10]. In many of these patients, a pulmonary infiltrate on routine screen-
ing chest x-ray or CT scan was the first indication of an infection. The white blood 
cell count was ≤10,000/μl in 13/23 cases, and the sedimentation rate was ≤40 mm/
hr. in 9/20 cases.

In contrast to patients with chemotherapy-induced neutropenia, hyphal angioinva-
sion is not a feature of CGD. In CGD mice, pulmonary aspergillosis is characterized 
by dense pyogranulomatous areas of consolidation in the absence of vascular hyphal 
invasion [20, 21]. These findings suggest that NADPH oxidase-independent path-
ways are sufficient to protect against hyphal angioinvasion. Serum galactomannan is 
not elevated in experimental pulmonary aspergillosis in CGD mice [20] and is an 
insensitive diagnostic marker of aspergillosis in CGD patients [22].

4.3.1	 �Antifungal Prophylaxis and Treatment in CGD

Prevention of invasive aspergillosis and other filamentous fungal diseases relies on 
avoiding environments where high levels of fungal spores are expected (e.g., gar-
dening and building renovations) and mold-active antifungal prophylaxis. 
Itraconazole prophylaxis has been shown to be safe and effective in patients with 
CGD [11, 23]. In a French national database study of 29 episodes of invasive mold 
infections in CGD patients, the first proven fungal infection occurred later in the 
group that received itraconazole than in the group without (10 versus 4 years of age, 
respectively), with a higher proportion of A. nidulans and other opportunistic molds 
in itraconazole recipients. The prognosis appeared to improve over time, possibly 
reflecting improvements in antifungal regimens [24].

Similar to other immunocompromised patients, invasive aspergillosis in CGD 
most commonly manifests with pulmonary disease [8]. Chest CT imaging is more 
sensitive than radiography for detecting early fungal disease. Since the differential 
diagnosis for pulmonary lesions is broad, a tissue-based diagnosis may be required 
for early diagnosis. Since CGD is a rare disease, there are no randomized trials of 
antifungal therapy for aspergillosis specifically among CGD patients. Voriconazole 
was shown to be superior to conventional amphotericin B as primary therapy for 
aspergillosis [25]. Underlying conditions in enrolled patients were primarily hema-
tologic malignancies and transplantation. Voriconazole has been evaluated in pediat-
ric patients with invasive fungal infections, including CGD patients [26]. Based on 
this clinical database, the Infectious Diseases Society of America (IDSA) guidelines 
recommend voriconazole as primary therapy for invasive aspergillosis [27], a recom-
mendation that can be reasonably applied to CGD patients. Lipid formulations of 
amphotericin B, posaconazole [28], isavuconazole, and echinocandins are additional 
options for therapy of invasive aspergillosis in patients who are intolerant to voricon-
azole or who have refractory disease. Similar to other immunocompromised patients 
with invasive aspergillosis, development of azole resistance is a barrier to treatment 
of aspergillosis in CGD patients [29, 30]. In addition to antifungal therapy, debride-
ment or resection of infected tissue may be required. This is particularly the case for 
refractory aspergillosis or extension of fungal disease to vertebrae or chest wall.
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4.4	 �Immunotherapy for Aspergillosis in CGD

4.4.1	 �Recombinant Interferon-γ

Recombinant interferon-γ has been widely used as prophylaxis in patients with CGD 
for approximately 25  years. In a randomized trial of CGD patients, prophylactic 
recombinant interferon-γ significantly reduced the incidence of serious infections and 
was beneficial regardless of age, the use of prophylactic antibiotics, and the type of 
CGD (X-linked or autosomal recessive) [31]. Although prior studies showed that 
interferon-γ could augment superoxide production in phagocytes from CGD patients, 
there were no significant changes in the measures of superoxide production by phago-
cytes in the randomized trial. Thus, the benefit of prophylactic recombinant interferon-γ 
likely results from augmentation of oxidant-independent pathways. Although there 
are case reports of use of recombinant interferon-γ as adjunctive therapy in CGD 
patients with severe infections, the value of interferon-γ in this setting is unclear.

4.4.2	 �Granulocyte Transfusions

Adjunctive granulocyte transfusions have been used for severe or refractory infec-
tions in CGD patients. The principle of granulocyte transfusions in CGD patients 
(who have normal circulating neutrophil numbers) is that a small proportion of 
normal neutrophils can augment host defense in CGD neutrophils by providing a 
source of ROIs. Hydrogen peroxide generated by normal neutrophils can diffuse 
into CGD neutrophils and provide the necessary substrate to generate hypohalous 
acid and hydroxyl anion in vitro [32]. In addition, mixtures of small numbers of 
normal neutrophils with larger numbers of CGD neutrophils damaged A. fumigatus 
hyphae more efficiently than either population of cells alone [33]. These results 
support the notion of diffusible reactive oxidants generated by NOX2-competent 
neutrophils at least in part rescuing the impaired host defense in CGD neutrophils. 
Transfused granulocytes retain respiratory burst activity and appear to traffic nor-
mally based on their recovery from sites of infection. A recent randomized trial of 
granulocyte transfusions in neutropenic patients with severe bacterial or fungal 
infections failed to show a benefit [34]. The benefit of granulocyte transfusions in 
CGD remains unclear and is unlikely to ever be definitively evaluated.

4.4.3	 �Hematopoietic Stem Cell Transplantation

Allogeneic hematopoietic stem cell transplantation is usually curative in CGD 
and is becoming accepted as a standard of care. The major risk is graft-versus-
host disease [35, 36]. Gene therapy is another promising experimental option. 
However, major obstacles are maintenance of a stable long-term population of 
gene-corrected myeloid cells and malignancies from insertional mutagenesis 
[37]. There are limited data regarding the use of allogeneic stem cell 
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transplantation and gene therapy as salvage treatment in CGD patients with 
refractory aspergillosis [24, 38, 39].

4.5	 �Aspergillosis in CGD: A Disorder of Impaired Host 
Defense and Excessive Inflammation

The lung is an interface where inhaled microbes and microbial products (e.g., bacte-
rial and fungal cell wall constituents) interact with host defense cells. The ability of 
the mammalian host to evolve in the context of continual exposure to fungi requires 
a well-calibrated immune response. First, the immune system must kill or at least 
control the growth of inhaled pathogens, such as fungal spores. Second, counter-
regulatory mechanisms must be active to limit the inflammatory response to avert 
tissue injury and allergy. There is strong evidence that NOX2 is critical for both 
antimicrobial function and regulation of inflammation.

In addition to recurrent infections, CGD is also characterized by abnormally 
exuberant inflammatory responses leading to granuloma formation, such as granu-
lomatous enteritis resembling Crohn’s disease [1] and genitourinary obstruction. 
“Mulch pneumonitis” is a life-threatening fungal pneumonia in CGD patients char-
acterized by an acute fulminant pneumonitis, which is treated with both antifungals 
and corticosteroids to dampen uncontrolled inflammation [40]. Mulch pneumonitis 
underscores the critical role for NOX2 in dampening inflammatory responses.

Dectin-1 is a receptor and immunomodulator of beta-glucans, which are ubiqui-
tous cell wall constituents of fungi and plants [41, 42]. Dectin-1 signals through the 
tyrosine kinase Syk and the caspase recruitment domain, CARD9 [43–45]. 
Activation of dectin-1 by beta-glucans can stimulate NOX2 activation [4]. Data in 
mice support the notion that dectin-1 and NOX2 have coordinated effects in regulat-
ing antifungal host defense and the inflammatory response to inhaled fungi. Dectin-1 
induces pro-inflammatory cytokines and chemokines, including IL-17 [44, 46–50]. 
In contrast, while the immediate effects of NOX2 activation are to produce injurious 
reactive oxidants that target microbes, the overall effect of NOX2 can be to dampen 
the inflammatory response through intracellular and paracrine signaling pathways.

Mouse models of CGD support the notion of NOX2 restricting excessive inflamma-
tion to pro-inflammatory fungal constituents. Morgenstern et al. [51] showed that intra-
tracheal administration of heat-killed A. fumigatus hyphae elicited mild self-limited 
inflammation in wild-type mice but robust and persistent inflammation in CGD mice. 
Romani et al. [52] linked impaired antifungal host defense and excessive inflammation 
in CGD mice to defective activation of tryptophan catabolism and generation of regula-
tory T-cell responses. Results showing defective tryptophan metabolism were not con-
firmed in CGD patients [53]. Segal et al. [54] showed that NOX2 limited innate immune 
responses in the lung following zymosan (a fungal cell wall preparation enriched for 
particulate beta-glucan) challenge through modulation of NF-kB and Nrf2 signaling.

Although there are limitations in extrapolating results from murine aspergillosis 
to humans, these results support the dual functions of NOX2 in aspergillosis. The 
principal role of NOX2 is to defend against fungi. In addition, NOX2 appears to 
play a key role in calibrating the inflammatory response to inhaled molds to avoid 
excessive lung inflammation and injury.
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4.6	 �Roles of Macrophage and Neutrophil NOX2 
in Antifungal Defense

Alveolar macrophages ingest and kill Aspergillus spores, whereas neutrophils princi-
pally target the hyphal stage [55]. Alveolar macrophages are the first-line phagocytes 
that respond to inhaled pathogens. They phagocytose and kill microbes and also coor-
dinate the inflammatory response. Although it is well established that NOX2 is critical 
for neutrophil-mediated host defense, the importance of NOX2 in macrophages is less 
established. The strongest evidence for the role of macrophage NOX2 in host defense 
is from the finding that mutations in gp91phox that selectively affect macrophages lead 
to increased susceptibility to mycobacterial diseases [56]. There have been conflicting 
results as to the role of macrophage NOX2 in controlling the growth of A. fumigatus 
spores [57, 58]. Using knock-in transgenic mice with NOX2 selectively reconstituted 
in the monocyte/macrophage and dendritic cell lineages, Grimm et al. [59] showed that 
macrophage NOX2 was protective against pulmonary challenge with A. fumigatus and 
limited the germination of phagocytosed spores in isolated alveolar macrophages. 
Additional results using these knock-in mice pointed to macrophage NOX2 also limit-
ing the inflammatory response to zymosan [59]. Together, results from these murine 
models point to a key role for macrophage NOX2 restricting fungal growth and limit-
ing the inflammatory response to Aspergillus. Recent additional studies show that 
NOX2 has broad roles in phagosomal maturation including autophagy required for 
antibacterial and antifungal host defense and control of inflammation [60–64].

Under conditions in which fungal escape from lung macrophages occurs, rapid 
recruitment of neutrophils is required to target hyphae to prevent tissue invasion [65]. 
NOX2 embedded in the plasma membrane releases ROIs into the extracellular envi-
ronment, while NOX2 in neutrophil secondary granules targets phagocytosed patho-
gens. While neutrophils inhibit A. fumigatus conidial growth by lactoferrin-mediated 
iron depletion, inhibition of growth of hyphae requires NOX2 [66]. These findings 
underscore that NOX2-dependent killing of Aspergillus is fungal stage specific.

How does neutrophil NOX2 inhibit hyphal growth and invasion? There are a 
number of mechanisms. First, and the most obvious, is the direct antimicrobial 
effects of ROIs generated by the NOX2/MPO system. NOX2 is required for phago-
cyte phagosomal alkalinization, and defective alkalinization is linked to impaired 
bactericidal activity [67]. The acidotropic, antimalarial drug chloroquine increased 
the antifungal activity of CGD neutrophils against Aspergillus, thereby demonstrat-
ing the importance of phagosomal pH in host defense and the potential for chloro-
quine as a therapeutic approach in CGD [68]. Another putative mechanism relates 
to the signaling functions of NOX2 resulting in activation of granular serine prote-
ases and generation of neutrophil extracellular traps. Reeves et al. [69] showed that 
activation of the NOX2  in neutrophils results in the release of neutrophil serine 
proteases from an anionic proteoglycan matrix within primary granules of neutro-
phils [69]. The released granular constituents can target phagocytosed microbes.

In a landmark study, Brinkmann et al. [70] showed that neutrophils are capable 
of releasing extracellular traps that target extracellular bacteria. (NET; Neutrophil 
Extracellular Traps) NETosis is triggered as an emergency response to infection and 
to conditions mimicking sepsis [71, 72]. NETs are characterized by extracellular 
stretches of chromatin that co-localize with cytosolic and granular proteins [73–75]. 
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NOX2 was required for NET generation in murine aspergillosis (Fig. 4.1) [75]. In 
addition, neutrophils from CGD patients are defective in NETosis, and gene therapy 
results in restored NETosis in NOX2-competent neutrophils in vitro [73, 76].

These results point to the potential for NOX2 to target pathogens through a mul-
tistep process: direct antimicrobial effect of reactive oxidants, the intracellular acti-
vation of sequestered proteases that can target phagocytosed pathogens, and 
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Fig. 4.1  Detection of neutrophil extracellular traps (NETs) by immunofluorescence. Neutrophils 
in the lungs of WT mice showed evidence of NETosis after oropharyngeal instillation of A. fumig-
atus hyphae (n _ 3 per genotype per time point). Using representative samples, NETs were visual-
ized by indirect immunofluorescence in sections of lung tissue using primary antibodies against 
histone H1 and neutrophil myeloperoxidase (MPO). Alexa Fluor 488- and 568-conjugated second-
ary antibodies were used for visualization of histone H1 (green channel) and MPO (red channel), 
respectively. (a) NETs exhibiting rounded morphology, ~3-fold the size of an intact neutrophil, 
were prominent in alveoli at day 1 post-infection. Three adjacent neutrophils show different stages 
of NET formation: (i) a non-NETotic neutrophil with intact nucleus showing typical lobulated 
morphology and clear separation of euchromatin and heterochromatin visualized by DAPI staining 
(solid arrow); (ii) a neutrophil at an early stage of NETosis characterized by loss of nuclear integ-
rity resulting in decondensed chromatin, identified based on diffuse DAPI and anti-histone stain-
ing, but intact azurophilic granules containing MPO (hollow arrow); and (iii) a bona fide NET, 
identified by laminar extracellular DNA (DAPI positive) that colocalized with histone and MPO 
immunostaining (arrowhead). (b) NET formation by intrabronchiolar neutrophils (solid arrow), 
resulting in stretches of laminar DNA (arrowhead) identified by colocalization of DAPI-stained 
DNA, histone, and MPO. Adjacent bronchial epithelia cells (hollow arrow) are MPO negative. (c) 
Three-dimensional view of panel B, assembled by Z-stacking of captured images showing elon-
gated NET structure in close proximity to the epithelial surface. The image is turned slightly 
counter clockwise, with the Z-axis tilted backward (bird’s-eye view). Pictures were taken with a 
Nikon C1 confocal microscope at X100 magnification. Scale bars, 5 µm (a) and 10 µm (b)
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generation of NETs that can attack extracellular pathogens [73]. A gap in knowl-
edge persists regarding the relative roles of direct ROI attack from the NOX2/MPO 
system versus the downstream activation of neutrophil granular constituents and 
NETosis in host defense [77]. In this regard, engineered mice with deficiencies or 
reconstitution of specific pathways are likely to yield important mechanistic knowl-
edge about how NOX2 defends against microbes.

4.7	 �NETosis in Antifungal Defense

NETs can mediate host defense through a number of pathways, including binding to 
microbes preventing dissemination, degrading pathogen virulence factors, and kill-
ing of pathogens [70, 76, 78]. A number of NET constituents (e.g., histones, serine 
proteases) have antimicrobial activity. MPO, following release with NET formation, 
can generate hypohalous acid directed at extracellular microbes [79]. In addition, 
calprotectin is a NET constituent that mediates nutritional immunity by sequestering 
divalent metal ions and targets Candida and Aspergillus species [80, 81].

How NETosis is triggered is incompletely understood. The stimuli for NETosis 
are encountered during acute infection or conditions mimicking sepsis. NETosis can 
be triggered by exposure of neutrophils to bacteria, bacterial products, activation of 
specific Toll-like receptors, and complement-mediated opsonization [71, 82]. 
Activated platelets can induce NETosis in neutrophils during bacterial sepsis, thereby 
capturing microbes and promoting their clearance [83–85]. Interferon-gamma pro-
duced by neutrophils can stimulate NETosis through an autocrine/paracrine process 
[86]. In murine pulmonary aspergillosis, NOX2 was required for NET generation 
[75], but depending on the stimulus, NETs can also be induced by NOX2 indepen-
dent pathways. Douda et al. [87] showed that NETosis can be activated by mitochon-
drial ROIs independently of NOX2, through a pathway dependent on calcium-induced 
activation of SK3 (small conductance potassium channels) and Akt.

NETosis is dependent on complex intracellular signaling, including activation of 
the Raf-MEK-ERK pathway and potentially anti-apoptotic pathways [88]. 
Autophagy pathways may stimulate NETosis [89]. Mammalian target of rapamycin 
(mTOR) may be required for LPS-stimulated NET formation by posttranscriptional 
control of expression of hypoxia-inducible factor-1α (HIF-1α) [90]. Histone citrul-
lination can stimulate chromatin decondensation and generation of NETs [91]. In 
addition, specific NET constituents are required for NET generation. Neutrophil 
elastase (NE) is required for NET generation in pneumonia in mice [92]. In this 
model, NE traffics from azurophilic granules to the nucleus where, together with 
myeloperoxidase, it degrades histones and promotes chromatin decondensation.

4.8	 �Model for NOX2 Modulating Antifungal Host Defense 
and Inflammation

Based on recent studies, a model for NOX2 modulation of host defense and inflam-
mation can be made. In this model, alveolar macrophages are the first-line phago-
cytes that sense and defend against inhaled pathogens, including filamentous fungi. 
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Macrophage NOX2 is the central modulator of both antifungal host defense and the 
inflammatory response to inhaled filamentous fungi. Dectin-1 in lung macrophages 
recognizes fungal cell wall β-glucans which activates NOX2 and NF-κB. After 
translocating to the nucleus, NF-κB stimulates production of IL-17A and other 
cytokine and chemokines that recruit neutrophils. NOX2 activation in macrophage 
disables growth of phagocytosed conidia and limits inflammatory and injurious 
responses through downstream signaling functions that include activation of Nrf2, a 
transcription factor that controls the expression of several antioxidants and anti-
inflammatory proteins. If fungal escape from macrophages occurs, recruitment and 
activation of neutrophils and NOX2-dependent NETosis are required to target 
hyphae and avert tissue invasion.

4.9	 �Future Directions for Preventing and Treating 
Aspergillosis in CGD

Allogeneic HSCT is being used more widely as the definitive curative treatment for 
CGD. As a hematopoietic stem cell disorder, gene therapy has been evaluated for 
decades in CGD [93] and remains an active area of research; the major hurdle relates 
to maintaining a stable long-term population of gene-corrected cells. While these 
approaches offer the potential for cure of CGD, knowledge gained about mecha-
nisms by which NOX2 mediates host defense and regulates inflammation also have 
the potential to lead to therapeutic advances that prevent or reduce infection-related 
morbidity in CGD. There are a number of examples that are relevant to aspergillosis 
in CGD. Activation of Nrf2 has the potential to dampen inflammatory responses to 
pro-inflammatory fungal cell wall products. NOX2 plays a key role in phagosomal 
maturation, and IL-1 receptor blockade restored autophagy and was protective 
against aspergillosis in CGD mice [61]. A CD4+ T-cell vaccine-based strategy led to 
enhanced cross-presentation of fungal antigens and resulted in long-term protection 
against aspergillosis in CGD mice [94]. Yet another therapeutic approach that merits 
evaluation in murine CGD is the use of agents that can stimulate NOX2-independent 
NET generation in neutrophils [87]. Finally, long-lived alveolar macrophages are 
also a promising target for therapeutic intervention in CGD, including inhalation of 
antimicrobial drugs, cytokine modulation, and gene correction approaches.
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5Primary Immunodeficiencies 
and Dermatophytosis

Claire Rouzaud, Fanny Lanternier, and Anne Puel

Abstract
Dermatophytes are keratinophilic fungi responsible for benign and common 
infections worldwide. Severe forms including extensive or invasive dermatophy-
tosis are reported in immunocompromised hosts including with primary immu-
nodeficiencies. We describe the clinical presentation and outcome of severe 
dermatophytosis occuring in primary immunodeficiencies such as autosomal 
recessive CARD9 deficiency, autosomal dominant STAT1 gain of function, auto-
somal dominant STAT3 deficiency, or the Keratitis-Ichthyosis-Deafness syn-
drome. There is no consensus regarding the treatment of severe dermatophytosis, 
which depends on the site and the extent of the infection as well as the nature of 
the underlying immunodeficiency. Long life anti-dermatophytic systemic treat-
ment is probably necessary in CARD9 deficient patients.
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5.1	 �Dermatophytosis

5.1.1	 �Mycological Data and Epidemiology

Dermatophytes are cosmopolite filamentous fungi classified into geophilic, zoo-
philic, and anthropophilic species according to their development in soil, animals, 
or humans, respectively. They are divided in three genera, Trichophyton, 
Microsporum, and Epidermophyton. Many dermatophyte species are responsible 
for human infections; however, Trichophyton rubrum is the most frequent species 
responsible of these infections. Dermatophyte species vary according to the geo-
graphical area as well as the site of infection. Rare sporadic epidemics with unusual 
species have been reported (e.g., T. tonsurans in student wrestlers [1]). Interhuman 
transmission is the most frequent mode of contamination, due to close contact with 
soil or objects contaminated with infected tissues. In case of zoophilic dermatophy-
tosis, animals (cat, dog), either symptomatic or asymptomatic, are the source of 
infection.

Superficial dermatophytosis is known to be related to lifestyle: contact with ani-
mals, activities, or local factors such as heat, moisture, and maceration. The pres-
ence of saturated fatty acids in sebum due to hormonal factors reduces tinea capitis 
frequency after puberty [2]. Dermatophytosis is a frequent and worldwide infection. 
Its prevalence is difficult to evaluate precisely due to its benign presentation. Fungal 
infections of the skin and nails are reported to affect 20–25% of the world’s popula-
tion [3, 4]. In a multicenter Canadian study, onychomycosis was reported in 6.7% 
of patients, half due to dermatophytes [5]. Dermatophytosis is the fourth most prev-
alent human infectious disease and therefore a public health concern [6]. Superficial 
dermatophytosis is frequent in the general population but usually benign and there-
fore often neglected.

5.1.2	 �Physiopathology

Dermatophytes are keratinophilic fungi. Their growth depends on keratin substrates; 
thereby infection can involve the skin (tinea corporis, tinea pedis, tinea cruris), nails 
(onychomycosis), and scalp (tinea capitis). Dermatophyte arthrospores are present 
on the ground and are responsible for inoculation. Geophilic dermatophyte species 
survive in the environment in contact with keratinized material, anthropophilic der-
matophytes only infect humans, and zoophilic dermatophytes infect animals and 
occasionally, humans. The arthrospores adhere to the keratinocytes [7]. Virulence 
factors such as proteases, sulfites, and reducing agents responsible of keratin degra-
dation allow fungus to invade keratinized structures such as stratum corneum, hair, 
nails, or claws [8]. Environmental factors (trauma, humidity) are predisposing fac-
tors for stratum corneum dermatophyte penetration, while locally secreted sub-
stances (β defensins, unsaturated transferrin contained in sweat and sebum) are 
limiting factors. Dermatophytes survive in contact with keratinized material; 
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stratum corneum and hair follicular ostium provide dermatophyte’s nutritional and 
pH requirements and represent the most frequent localizations of infection.

A murine model of Trichophyton mentagrophytes subcutaneous inoculation 
showed lymph nodes, liver, and spleen dissemination before fungus clearance [9]. 
In this model, dermatophyte infection caused inflammation and granulomatous 
reaction. The lymph nodes were often infected. Apart from these animal models, 
clinical data support evidence that, under certain circumstances, dermatophytes can 
invade the dermis, survive, and spread to lymph nodes and internal organs. Proximal 
white subungual onychomycosis with nail lunula infection may indicate endoge-
nous reactivation or autoreinfection from a deep site (lymph node) [10]. 
Dermatophyte frequent dissemination to lymph node and possible dissemination to 
other organs were reported in deep dermatophytosis [11].

5.1.3	 �Clinical Presentation and Diagnosis

The classical clinical presentation of dermatophytosis is characterized by superfi-
cial infections, limited to stratum corneum. Tinea pedis starts with crack and peel-
ing between the last toes. Lesions then spread to other spaces, side edges, and back 
of the foot and can spread to nails. Hand injury is rare and often limited to one hand. 
Onychomycosis is classified in distal and lateral subungual, superficial white, end-
onyx, proximal subungual, and totally dystrophic forms [12]. Dermatophytes infect 
others sites: inguinal, axillary, and sub-mammary area. Tinea capitis involves the 
scalp. Lesions are often itchy and lead to single or multiple squamous scalp area 
with erythema, inflammation, broken hair, or alopecia. Folliculitis can develop from 
hair follicles of other sites than the scalp (except axillary and pubic). Tinea corporis 
affects the skin at any body part. The lesions are erythematous, sometimes with 
small blisters, with centrifugal evolution.

By contrast with these classical presentations of dermatophyte infections, severe 
dermatophytoses are rare manifestations of dermatophytosis. They include exten-
sive and invasive forms (deep dermatophytosis and Majocchi granuloma) of infec-
tion. Extensive dermatophytosis is confined to stratum corneum but with unusually 
extensive or numerous lesions at different sites. Majocchi granuloma is a nodular 
dermatophyte perifolliculitis with localized perifollicular dermal infection. Deep 
dermatophytosis is defined by dermatophytic dermis invasion, not confined to the 
perifollicular area in the dermis, which can disseminate to extra-cutaneous sites as 
lymph nodes, bones, or central nervous system [11]. No specific dermatophyte spe-
cies appear to be associated with the severe forms. As for common dermatophyto-
sis, T. rubrum is most frequently found [13, 14].

Majocchi granulomas appear as nodules or papules on the lower limb or head. 
Histology evidences granuloma and dermatophyte hyphae into the dermis around 
hair follicle.

Deep dermatophytosis lesions appear as ill-defined infiltrated plaques, nodules, 
and papules sometimes associated with itching, pain, and discharge. The number 
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and location of lesions vary. Infection can spread to lymph nodes or other organs 
either by contiguity (e.g., bone) or through vascular or lymphatic spread (e.g., cen-
tral nervous system). Dermatophytosis dissemination has only been reported in 
patients with a primary immunodeficiency (see below). In patients with deep der-
matophytosis, skin histological examination reveals granulomatous dermatitis with 
dermal extension out of hair follicle (Fig. 5.1), frequent necrosis, and eosinophilic 
infiltration. Hyphae are found in granuloma center and sometimes in the cytoplasm 
of giant cells [11]. Diagnosis of invasive forms is based on positive culture for der-
matophytes and histological results of skin biopsy. In a French cohort of severe 
dermatophytosis among solid organ recipient patients [15], beta-D-glucans in blood 
samples were found positive at diagnosis.

Severe dermatophytosis may occur in different groups of patients, mostly patients 
with acquired immunodeficiency as HIV-infected patients, solid organ transplant, 
and other predisposing conditions such as systemic corticosteroid treatment, topical 
steroid, myelodysplastic syndrome, leukemia or lymphoma, atopic dermatitis and 
eczema, diabetes mellitus, cirrhosis and hemodialysis for renal failure, Cushing dis-
ease, and congenital adrenal hyperplasia [16]. Some patients had been receiving 
immunosuppressive drugs: azathioprine, cyclosporine, cyclophosphamide, metho-
trexate, infliximab, tacrolimus, and topical tacrolimus mainly for autoimmune dis-
ease (myasthenia, autoimmune hepatitis, lupus, rheumatoid arthritis and Behçet’s 
disease). In case of severe dermatophytosis without predisposing factor, a primary 
immunodeficiency described below has to be ruled out.

Fig. 5.1  Histopathological presentation of severe dermatophytosis [16]
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5.1.4	 �Anti-dermatophyte Immunity

The skin is the first barrier against dermatophytes. Both innate and adaptive immunities 
play a role in human dermatophyte antifungal defense. Beta-D-glucans present in der-
matophyte cell wall are recognized by the C-type lectin receptors (CLR) (e.g., Dectin-1, 
Dectin-2, MINCLE, or DC-SIGN) [17, 18]. It has been shown that Dectin-2 preferen-
tially recognizes T. rubrum hyphae, while Dectin-1 mainly recognizes conidia [19, 20]. 
DC-SIGN is a major phagocytosis dermatophyte receptor, expressed on human mono-
cyte-derived dendritic cells (MDDC) and monocyte-derived macrophages (MDM) [21]. 
MDDC but not MDM from patients with dermatophytosis inhibits T. rubrum growth. 
By contrast T. rubrum conidia phagocytosis by MDM results in IL-10 production [21]. 
DC therefore seems to have a key role in anti-dermatophyte immunity. Increased levels 
of IL-22 and β-defensin-2 were found in serum of patients with superficial dermatophy-
tosis. Levels were inversely correlated with DEFB4 copy number evaluated with qPCR 
[22]. An experimental mouse model of dermatophyte (Arthroderma benhamiae and A. 
vanbreuseghemii) skin inoculation showed that dermal inflammatory cellular infiltrate 
contained macrophages, dendritic cells, and polymorphonuclear neutrophils (PMN) 
[23]. The in situ cytokine profile was characterized by the overexpression of transform-
ing growth factor-b (TGF-β), interleukin (IL)-1β, and IL-6 mRNA during infection sug-
gesting a role of the T-helper 17 pathway in the establishment of immunity [23]. In vitro 
studies showed that peritoneal mice macrophages could ingest T. rubrum conidia within 
4 hours and in turn produce TNF-α and IL-10. However, after 8 hours of infection, mac-
rophage viability decreased due to development of hyphae inside macrophages [24]. 
The role of T lymphocytes in anti-dermatophyte immunity has been studied in in vivo 
mouse models: the transfer of mouse cells from regional lymph node infected by T. 
quinckeanum in sublethally irradiated mice protected them from dermatophyte infection 
[25]. In human Treg CD4+CD25+ expression was higher in peripheral blood of patients 
with onychomycosis compared with healthy patients [26].

Table 5.1  Primary immunodeficiencies associated with dermatophytosis, clinical involvement, 
and associated infection

Primary 
immunodeficiencies 
associated with 
dermatophytosis AR CARD9 deficiency

AD STAT1 gain 
of function AD STAT3 deficiency

Clinical 
involvement

Deep and persistent 
dermatophytosis with 
lymph node involvement

Rare severe 
dermatophytosis 
and superficial 
forms

Rare superficial 
dermatophytosis

Others infections Mucocutaneous 
candidiasis, 
phaeohyphomycosis; 
central nervous system 
candidiasis; Candida 
colitis

Staphylococcus 
sp., respiratory 
tract and skin 
infections, viral 
infections 
(Herpesviridae)

Staphylococcus sp., 
Candida sp., cutaneous 
infections; pulmonary 
infections with secondary 
bronchiectasis and 
pneumatocele
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5.2	 �Primary Immunodeficiencies and Susceptibility 
to Dermatophytosis (Table 5.1)

5.2.1	 �Autosomal Recessive CARD9 Deficiency

Caspase recruitment domain-containing protein 9 (CARD9) is a central adaptor 
in antifungal innate immunity expressed predominantly by myeloid cells located 
downstream CLRs, such as Dectin-1, Dectin-2, and MINCLE but also CR3 [27, 
28]. In North Africa, severe forms of dermatophytosis (deep dermatophytosis) in 
patients without any known immunodeficiency were described by physicians as 
“maladie dermatophytique.” A genetic origin was long suspected to predispose 
to this disease. From 2013 onward, 21 patients (15 males) with severe dermato-
phytosis and autosomal recessive CARD9 deficiency were reported [11, 29–37]. 
Most patients were born to known consanguineous unions and originated from 
Tunisia (4 patients), Algeria (11 patients), Iran (2 patients), Morocco (2 patients), 
Egypt (1 patient), and Italy (1 patient). Clinically, the lesions started in childhood 
with recurrent and extensive superficial lesions. In early adulthood, the patients 
developed extensive erythematous scaly lesions, subcutaneous nodules, or infil-
trated ulcerated lesions and fistulae. Lesions were refractory to antifungal treat-
ment and recurrent (Fig. 5.2). Histology evidenced deep dermatophytosis in most 
patients with dermal invasion by granuloma and hyphae. Numerous eosinophils 
were present in granuloma. Elevated IgE level and peripheral hypereosinophilia 
were also reported in most patients [11]. Patients (17/21) displayed typical 
lesions of tinea corporis (ringworm) and onychomycosis (15/21). Chronic 

Fig. 5.2  Deep dermatophytosis in a patient with autosomal recessive CARD9 deficiency (On the 
courtesy of Dr. Boussofara Lobna ép Hadda Service de Dermatologie CHU Farhat Hached Sousse 
Tunisie)
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mucocutaneous candidiasis was associated in 40% of patients. The most fre-
quently isolated dermatophyte species were T. violaceum and T. rubrum. Lymph 
node involvement was present in 10 patients, organ involvement by contiguity in 
2 patients, and central nervous system (CNS) dermatophytosis in one. Lesions 
relapsed after discontinuation of antifungal treatment. Median age at first symp-
toms was 8 (2–21) years [38]. Patients required lifelong anti-dermatophyte main-
tenance therapy with antifungal treatment. Mortality rate was high (23.5%); four 
patients with clinically active deep dermatophytosis died at the ages of 28, 29, 
37, and 39 years. Bacterial, viral, and mycobacterial infections were not reported 
in CARD9-deficient patients. However, other invasive fungal infections were 
reported in AR CARD9-deficient patients as phaeohyphomycosis [39–41], CNS 
candidiasis [42–44], and Candida colitis [45]. Autosomal recessive CARD9 defi-
ciency is therefore associated with a susceptibility to persistent and/or severe 
fungal infections, with frequent CNS involvement. These clinical data led to 
evidence that CARD9 has a major role in neutrophil trafficking into CNS after 
Candida infection [46].

5.2.2	 �AD STAT1 Gain of Function

Signal transducer and activator of transcription (STAT) are a family protein from 
which STAT1 is a key transcription factor mediating IFN signaling. STAT1 defi-
ciency and autosomal dominant gain of STAT1 activity predispose to different infec-
tious profile [47, 48].

Autosomal dominant STAT1 gain of functions (GOF) is the most common genetic 
cause of inherited chronic mucocutaneous candidiasis due to an inhibition of the 
development of IL-17-producing T cells and is not restricted to a specific group of 
population [47, 49]. These mutations underlie a variety of infectious manifestations. 
Most patients display mucocutaneous candidiasis. They also suffer from bacterial 
infections of the respiratory tract and the skin, mostly due to Staphylococcus aureus 
and viral infections of the skin, mostly due to Herpesviridae [50].

Dermatophytosis was reported in 14% of patients with STAT1 GOF mutations 
[51]. In an international cohort of 274 patients with genetically and biochemically 
confirmed STAT1 GOF mutations [50], superficial dermatophytosis (skin mainly or 
scalp or nails) was suspected in 44 (16%) patients (28 males and 16 women) and 
microbiologically confirmed in 52% of these patients, with T. rubrum (major spe-
cies), T. interdigitale, T. mentagrophytes, or Microsporum spp. Three cases of severe 
dermatophytosis were reported in patients with STAT1 GOF mutations [49, 52].

5.2.3	 �AD STAT3 Deficiency

Autosomal dominant deficiency of signal transducer and activator of transcription 3 
(STAT3) is the main genetic etiology of hyper-immunoglobulin (Ig) E syndrome, a 
complex primary immunodeficiency [53]. In a French cohort of 60 patients [54], 
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mucocutaneous infections (Staphylococcus sp., Candida sp.) were the most fre-
quent. Patients had chronic mucocutaneous candidiasis of various mucosal sites and 
nails. Superficial dermatophytosis was only reported in two patients and due to 
Trichophyton rubrum and T. mentagrophytes (identified in one patient each).

5.2.4	 �Keratitis-Ichthyosis-Deafness Syndrome

Keratitis-ichthyosis-deafness (KID) syndrome is a rare hereditary cornification dis-
order resulting from mutations in connexin 26, a protein important for intercellular 
communication. This disorder is characterized by vascularizing keratitis, hyperker-
atotic skin lesions, and hearing loss. Less than 100 cases have been described so far. 
The cutaneous manifestations include erythrokeratoderma present at birth, and 
complications are recurrent infections, sometimes with fatal septicemia and an 
increased risk of mucosal carcinomas. Some patients were reported to develop 
extensive dermatophytosis [55].

To our knowledge, no cases of severe dermatophytosis were reported in other 
primary immunodeficiencies.

5.3	 �Severe Dermatophytosis Treatment in Primary 
Immunodeficiency

Systemic antifungals with an in vitro activity against dermatophytes are griseoful-
vin, terbinafine, ketoconazole, fluconazole, itraconazole, posaconazole, voricon-
azole, ravuconazole, and isavuconazole [56, 57]. Terbinafine has advantage of good 
penetration in stratum corneum [58].

The first choice for superficial dermatophytosis treatment is an antifungal 
topical treatment such as azole or terbinafine in a suitable galenic form according 
to the infected site (nails, scalp, foot, or skin). In case of proximal subungual, 
dystrophic onychomycosis, failure, or relapse, a systemic treatment is recom-
mended. In case of superficial dermatophytosis in immunocompromised patients, 
systemic treatment can be discussed; however, drug interaction with azoles can 
be an issue [59]. Topical treatment must always be associated with oral 
antifungals.

Severe dermatophytosis is rare and poorly described; therefore, scarce data on 
their treatment are available, only based on case reports [11, 16, 35]. In reported 
cases, first-line treatment was either terbinafine or triazoles such as posaconazole 
or itraconazole. In patients with severe dermatophytosis without PID, systemic 
treatment resulted in resolution in few months, and recurrences or relapses were 
rare [14].

By contrast, severe dermatophytosis associated with AR CARD9 deficiency 
responded slowly to antifungal treatment and frequently relapsed. Therefore, 
antifungal anti-dermatophyte therapy should be maintained throughout life. 
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Moreover, rebound effect upon discontinuation of antifungal therapy has been 
observed [11]. In the series reporting 17 patients with AR CARD9 deficiency, 
patients received griseofulvin, itraconazole, voriconazole, posaconazole, or 
fluconazole, and four patients died [11]. Dermatophytic lesions rarely com-
pletely disappeared, even when patients were treated with new azoles. None of 
the four patients who died received new azole treatment. One recent report 
described failure of systemic itraconazole, ketoconazole, terbinafine hydro-
chloride, topical ketoconazole, and ciclopirox olamine, in an Egyptian CARD9-
deficient patient with Trichophyton rubrum extensive infection (abdomen, 
back, gluteal region, lower limbs and nails). Only posaconazole during 
8 months allowed a complete clinical remission [35]. Terbinafine, itraconazole 
or posaconazole alone or in combination seem the best options to treat derma-
tophytosis in CARD9-deficient patients. Lifelong treatment is mandatory to 
prevent relapses.

5.4	 �Conclusion

In conclusion, dermatophytes are responsible of worldwide common and frequent 
superficial benign infections in the general population. In contrast, severe infec-
tions (extensive or invasive dermatophytosis) are rare, with unusually extensive 
lesions or dermis invasion, occurring in immunocompromised patients. However, 
benign and even severe forms of dermatophytosis are probably still neglected and 
underdiagnosed. The identification and the molecular, cellular, and clinical descrip-
tion of patients with inborn errors of immunity and susceptibility to dermatophyto-
sis should help in better understanding the physiopathological mechanisms 
underlying dermatophytosis. An increasing number of cases with severe dermato-
phytosis are reported in the literature. Indeed, patients receiving immunosuppres-
sive therapies, treated with long-term corticosteroids and infected with HIV or 
organ transplant recipients, develop severe dermatophytosis with dermis invasion 
or extensive form. However, the disease is not as serious or difficult to treat as in 
patients with autosomal recessive CARD9 deficiency. Severe dermatophytosis in a 
patient without underlying disease must lead to screen the patient for CARD9 
deficiency.
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Abstract
Invasive fungal infections caused by Aspergillus and Candida species represent 
a major threat in oncohematological patients as well as hematopoietic stem cell 
and solid organ transplant recipient. Novel strategies are needed to identify 
patients who are most likely to develop such infections and would benefit the 
most from targeted antifungal prophylaxis. After initial studies revealed that 
polymorphisms in immune genes can influence susceptibility to invasive asper-
gillosis among immunocompromised patients, the concept emerged that the risk 
to develop invasive aspergillosis could be stratified according to individual 
genetic risk profiles. Such genetic polymorphisms may be used in the future as 
part of a scoring system of risk that would include a combination of demo-
graphic, clinical and biological indicators.
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6.1	 �Introduction

Invasive fungal infections (IFIs) caused by Aspergillus and Candida species repre-
sent a major threat in onco-hematological patients as well as hematopoietic stem 
cell (HSCT) and solid organ transplant (SOT) recipient.

Aspergillus fumigatus and other Aspergillus spp. (A. flavus, A. terreus, A. niger) 
are ubiquitous molds that are responsible for invasive opportunistic infections in 
severely immunocompromised patients. The incidence of invasive aspergillosis 
(IA) is estimated 1–10% in SOT recipient, acute leukemia patients, and HSCT 
recipients [21, 37, 44, 51, 55], but incidence rates can differ among centers due to 
the use of different conditioning regimen, antifungal prophylaxis, and other man-
agement strategies. The overall mortality of patients with IA has slightly declined 
over the last decades, probably due to improvement in the diagnostic and treatment, 
but remains unacceptably high (estimated 20–40%) [3, 42, 64, 69].

Candida albicans and other Candida spp. (C. tropicalis, C. glabrata, C. 
krusei, C. parapsilosis) represent a genus of yeast that usually causes only 
superficial infections among immunocompetent patients. Invasive infections 
mainly occur in patients hospitalized for extended periods of time and are 
favored by the use of antibacterial agents and central venous catheters. The 
most common forms of invasive candidiasis (IC) include candidemia, peritoni-
tis (patients with complicated abdominal surgery and/or pancreatitis), and 
hepatosplenic candidiasis (onco-hematological patients with prolonged 
neutropenia).

Three antifungal drug classes are currently available for the treatment of IFI, 
the polyenes (amphotericin B), the azoles (fluconazole, itraconazole, voricon-
azole, posaconazole, and isavuconazole), and the echinocandins (caspofungin, 
micafungin, anidulafungin). Amphotericin B has broad-spectrum fungicidal 
activity, but its use is limited by toxicity, although new lipid formulations are 
better tolerated. Voriconazole has become the first-line treatment of IA [38]. 
However, emergence of pan-azole resistance among Aspergillus fumigatus iso-
lates as a consequence of the widespread use of fungicides in agriculture and 
industry is a concern [73]. Echinocandins have limited antifungal activity 
against Aspergillus spp. but have become the first-line treatment of IC with pos-
sibility to step down to fluconazole after a few days [19]. However, emergence 
of resistance to echinocandins among Candida spp. is increasingly reported [2], 
and a shift of the epidemiology of IC toward yeasts other than C. albicans with 
decreased susceptibility to fluconazole and/or echinocandins is also observed 
[54, 56].

In order to prevent the occurrence of IFI, antifungal prophylaxis, such as daily 
posaconazole in high-risk onco-hematological patients or fluconazole in ICU 
patients, has become a common approach [19, 20, 70]. While such strategies 
have been associated with reduction in the incidence of IFIs, they are not selec-
tive and unnecessarily expose a large number of patients to antifungals, with 
associated toxicity and important costs. Furthermore, there is concern about the 
possible emergence of fungal pathogens with decreased antifungal susceptibility 
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profile. More selective strategies, such as empiric or preemptive treatments, have 
been proposed and still need further validation to demonstrate their efficacy [10, 
18].

A novel approach would consist in targeted antifungal prophylaxis based on the 
individual host susceptibility profile. A number of risk factors have been identified, 
such as the duration and severity of neutropenia, the number and type of immuno-
suppressive drugs, the type of induction therapy for leukemia and/or hematopoietic 
cell transplantation, and the type of HSCT (HLA mismatch, presence/absence of T 
cell depletion) and concomitant infections due to CMV and/or other viruses [31, 51, 
72, 67]. Yet, most patients are exposed to several risk factors at the same time, so 
that it is virtually impossible to individually stratify the risk of IFIs. Novel strategies 
are needed to refine our understanding of individual immunosuppression profiles 
and identify patients who are most likely to develop such infections.

6.2	 �Genetic Association Studies: Focus on Candidate  
Gene Approach

Over the last decades, an increasing number of investigators have suggested that 
host genetic polymorphism influences susceptibility to infections in immunocom-
promised patients. Susceptibility to infectious diseases is often considered to result 
from two types of inheritance, i.e., monogenic (Mendelian) or polygenic (complex) 
inheritance. Primary immunodeficiencies are classically considered to result from 
“monogenic inheritance,” as they are often due to a single, rare mutation (point 
mutation, deletion, insertion, inversion, duplication, translocation, amplifications) 
in genes that have a strong impact on immunity, leading to a clear-cut phenotype. 
These include difficult-to-treat forms of infections caused by a common fungal 
pathogen (i.e., chronic mucocutaneous candidiasis, Chap. 3) or infections due to an 
opportunistic pathogen (i.e., invasive aspergillosis due to chronic granulomatous 
diseases, Chap. 4).

Susceptibility to common infections in the general population is usually consid-
ered as a complex phenomenon involving both host and environmental factors, 
including exposure to a specific pathogen. Invasive fungal infections usually occur 
in previously healthy individuals who are immunosuppressed at a specific time of 
their life. Yet, despite similar immunosuppression patterns, some individuals rap-
idly develop IFIs, while others do not. These differences may result from the pres-
ence of several polymorphisms in immune genes (complex inheritance). Because of 
the implication of numerous environmental risk factors, the identification of poly-
morphisms influencing susceptibility to infections in immunosuppressed patients 
requires an exhaustive and refined analysis of all clinical risk factors that can influ-
ence the phenotype. Otherwise immunocompetent individuals can become immu-
nosuppressed as a result from intensive chemotherapy (e.g., for the treatment of 
onco-hematological diseases) or from the use of immunomodulatory drugs (e.g., to 
prevent organ rejection after transplantation or graft versus host disease). Such 
immunosuppressive states are iatrogenic and may not have been mimicked by 
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environmental conditions during human evolution. Therefore, immunocompro-
mised patients represent a particularly interesting group for immunogenetic studies 
of susceptibility to infections.

Complex genetic traits can be studied by performing linkage analysis or asso-
ciation studies, such as candidate gene and genome-wide association (GWA) 
approaches [4, 5]. A candidate gene approach is widely used to study the correla-
tion between single nucleotide polymorphisms (SNPs) and common disease phe-
notypes. It is based on the “a priori” hypothesis that the gene and its polymorphisms 
are implicated in disease pathogenesis. SNPs in candidate genes are anticipated to 
influence the gene function (may lead to gene transcription, RNA splicing, mRNA 
stability, mRNA translation, protein change, folding, or gene deletion) or to tag 
another SNP or phased combination of SNPs (haplotype) that exert this function. 
This approach gives a higher plausibility to discover markers that have some 
impact on disease phenotype. However it is often restricted by low reproducibility 
and possibility to miss biologically relevant variants. On the contrary, the GWAS 
approach is designed to study thousands of SNPs at the genome-wide level and to 
determine their impact on disease phenotypes, without an “a priori” hypothesis [4] 
(see Chap. 8).

Over the past 10 years, we identified around 30 candidate gene studies assessing 
the risk of IFI in immunocompromised patients (Table 6.1). Genes were mostly 
selected within the innate immune system and include pattern recognition receptors 
(PRRs), downstream signaling molecules, cytokines and chemokines released by 
effector cells, antimicrobial peptides, as well as other molecules (see Chap. 2) [76]. 
The studies reporting associations with polymorphisms in these genes are heteroge-
neous in terms of patients (onco-hematological patients, hematopoietic stem cell, 
and solid organ transplant recipients), ethnic groups (not always defined), case defi-
nitions, type of controls (not always undergoing the same risk pattern as cases), 
sample size (dozens to hundreds cases and controls), and statistical approaches 
(case-control, Kaplan-Meier cumulative incidence/survival models). A major issue 
results from the lack of a clear list of polymorphisms that have been tested, pretest 
power to detect an association (based on the number of patients and allele frequen-
cies), and lack of correction for multiple testing. The heterogeneity of studies 
together with their limitations has complicated the interpretation of results, so that 
genetic polymorphisms have not been used so far in the clinical practice for indi-
vidual risk stratification. Yet, some studies are more promising, because their results 
have been validated and/or are supported by convincing evidence for a functional 
role in antifungal immunity (Table 6.2).

The first immunogenetic studies of susceptibility to IA were performed among 
allogenic HSCT recipients. Allogenic HSCT represents an unusual situation, 
because recipients are chimerical individuals carrying circulating immune cells 
from the donor, while other cells possibly involved in the immune response against 
the pathogen, such as lung epithelial cells, are issued from recipient. Therefore, it 
can be questioned whether polymorphisms conferring susceptibility to IFIs are 
issued from the donor or the recipient. In fact, some studies reported evidence that 
polymorphisms in immune genes from the donor and/or the recipient can influence 
susceptibility to IA in the recipients (Table 6.1).
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In a study of 336 HSCT patients [6], two SNPs in toll-like receptor 4 (TLR4, 
D299G, and T399I, both in strong linkage disequilibrium) in HSCT donors were 
associated with an increased risk of IA in the corresponding recipient [6]. These 
observations were confirmed by two groups of investigators [6, 26, 43]. However, 
they were not confirmed in two small studies of HSCT patient [11, 41]. TLR4 is a 
PRR that detects O-linked mannan, an important component of the fungal cell wall. 
The D299G TLR4 SNP has been associated with hyporesponsiveness to endotoxin 
and impaired lipopolysaccharide-mediated signal transduction in monocytes [1, 
65]. While TLR4 has been clearly involved in host defense mechanisms against 
Aspergillus [8, 16, 47, 52, 53], the exact mechanism by which D299G and T399I 
polymorphisms influence immune response to Aspergillus has not been fully under-
stood [71].

A polymorphism in dectin-1 (Y238X) present either in the donor or the recipient 
was associated with the risk to develop IA after HSCT [23]. Dectin-1 is a PRR that 
recognizes β-glucan [33, 68, 75] and is expressed at the surface of immune cells, 
including dendritic cells, macrophages and neutrophils, as well as epithelial cells. 
Dectin-1 plays a role in fungal phagocytosis and killing as well as in mediating 
inflammatory response to the fungi. Experiments using peripheral blood monocytes 
and lung alveolar cells suggest that dectin-1 can probably contribute to achieve 
protection against IA through cells of both the donor and recipient lineage [23]. In 
CD14+ monocytes, the risk allele (238X) is associated with a decline of surface 
dectin-1 expression [23]. In peripheral blood mononuclear cells (PBMCs) stimu-
lated with A. fumigatus or β-glucan, the risk allele is associated with an impaired 
production of cytokines (IL-1β, IL-6, IFN-γ, IL-10, and IL-17A) compared to the 
wild-type allele [23]. Airway epithelial cells, stimulated with β-glucan or A. fumiga-
tus conidia where dectin-1 is knocked down, show an impaired inflammatory cyto-
kine production [23]. Further experimental evidence coming from mice models of 
IA supports a role of dectin-1 in both the donor and recipient of HSCT in immunity 
against Aspergillus. Recipient mice deficient in dectin-1 transplanted with hemato-
poietic cells from wild-type donor mice or dectin-1-deficient mice have expanded 
fungal growth and IL-17 production and reduced IFN-γ/IL-10 cytokine production 
after infection with Aspergillus [23]. The stop codon variant of dectin-1 (Y238X) 
was also associated with mucocutaneous Candida infection [28], but not dissemi-
nated candidiasis [57], suggesting that this PRR may be specific for mucosal anti-
Candida defense rather than systemic infection [14].

Only a few studies investigated the role of genetic polymorphisms in patients 
other than HSCT recipients. Polymorphisms in the interleukin-1 (IL-1) cluster 
genes, in particular IL-1β -31T/C and/or -511C/T (which are in strong linkage dis-
equilibrium), have been reported to increase susceptibility to IA in SOT recipients 
[77]. Similar results were reported in a study of acute leukemia patients [61]. The 
presence of -511T/C IL-1β SNP in HSCT recipients was however not associated 
with IA, but this study did not genotype the donors [26]. IL-1β is a key pro-
inflammatory cytokine implicated in innate and adaptive antifungal immunity [9, 
40, 74]. IL-1β produced by macrophages is crucial for recruitments of neutrophils 
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and monocytes to the lungs during infection and clearing Aspergillus [49]. IL-1β 
induces TH17 responses that are characterized by the production of IL-17, leading to 
an increased recruitment of neutrophils. Additionally, the activated T-helper cells 
induce IL-22 responses that will stimulate production of defensins by epithelial 
cells [35, 58]. Functionally, the presence of the minor allele -511C is associated 
with reduced Aspergillus-induced IL-1β production as well as TNF-α release by 
PBMCs, thereby leading to defective anti-Aspergillus immune responses [77]. The 
exact mechanism on how -31T/C and -511C/T polymorphisms regulate IL-1β levels 
is unknown. As both are located within promoter region of IL-1β gene, they could 
have an effect on promoter activity leading to decreased expression of IL-1β [27].

Finally, a haplotype within long pentraxin 3 (PTX3), a soluble PRR, recently 
emerged as particularly promising marker, because it was shown to influence sus-
ceptibility to IA in both HSCT and SOT recipients, two population that are exposed 
to different risks and environmental conditions. The haplotype at risk originates 
from the donor in HSCT [22] and from the recipient in SOT [25, 78]. Long PTX3 
can exert different immune functions, including pathogen recognition, opsoniza-
tion, phagocytosis, classical pathway of complement activation, and clearance of 
apoptotic cells [7, 29, 46]. Circulating PTX3 is able to bind Aspergillus conidia 
most likely by detecting galactomannan, thereby facilitating fungal recognition and 
phagocytosis by macrophages [30]. While PTX3 can be produced by several cells, 
such as dendritic cells, mononuclear phagocyte endothelial cells, and lung alveolar 
epithelial cells, neutrophils have the unique ability to store the molecule within 
granules that can be rapidly released in the circulation upon infection. Therefore, 
neutrophils probably represent an important source of PTX3 during IA. This may 
explain why the association in HSCT recipient was observed with the polymor-
phism in the donor, but not the recipient. The association of PTX3 haplotypes with 
IA is further supported by several experiments. The h2/h2 haplotype associated with 
increased susceptibility to IA carries two 281G and 734A SNPs that were shown to 
reduce PTX3 expression or production, possibly due to changes in mRNA folding 
[22]. The haplotype was associated with reduced phagocytic activity of neutrophils 
and their ability to kill Aspergillus conidia [22]. The role of PTX3 was confirmed in 
two models of IA (immunocompetent and neutropenic) using PTX3-deficient ver-
sus WT mice [30], as well as IA models of neutropenic or HSCT mice with/without 
complementation with soluble PTX3 [30] or PTX3-competent/deficient neutrophils 
[39], respectively. Besides, in vivo pharmacological studies revealed that adminis-
tration of PTX3 is able to cure infection with A. fumigatus, revealing possibility to 
use it as potential mold-active therapeutic drug [32].

6.3	 �Conclusion

After initial studies revealed that polymorphisms in immune genes can influence 
susceptibility to IA among immunocompromised patients, the concept emerged 
that the risk to develop IA could be stratified according to individual genetic risk 
profiles. However, this concept has been challenged by several issues, including 
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insufficient statistical power, heterogeneity among studies in terms of case defini-
tion, assessment of relevant co-variables and management strategies, and lack of 
replication and/or functional testing supporting reported associations. Even for 
those polymorphisms that have been largely validated, the predictive value alone 
will remain too low, as they only explain a small proportion of the susceptibility to 
IFIs. So far, PTX3 polymorphisms represent the most promising genetic markers 
for the risk of IA, because of their high frequency (thereby facilitating replication), 
the strong functional evidence supporting the association, and the fact that the 
genetic effect seems to overcome environmental factors, as suggested by an asso-
ciation replicated in patients presenting different types of immunosuppression. 
Altogether, genetic polymorphisms may be used in the future as part of a scoring 
system of risk that would include a combination of demographic, clinical, and 
biological indicators.
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Abstract
Although invasive fungal diseases are often assumed to be the only form of fungal 
disease, fungi more commonly cause chronic disease in individuals with ostensi-
bly normal immune systems, or allergic disease in those with hyperactive immune 
systems, such as atopic asthmatics. Invasive fungal diseases affect individuals 
with an underlying defect in the immune system and are rapid in onset with high 
mortality, whereas chronic and allergic diseases primarily affect individuals with 
normal immune systems and are long-term, even lifelong, conditions.

7.1	 �Introduction

Although invasive fungal diseases are often assumed to be the only form of fungal 
disease, fungi more commonly cause chronic disease in individuals with ostensibly 
normal immune systems, or allergic disease in those with hyperactive immune sys-
tems, such as atopic asthmatics. Invasive fungal diseases affect individuals with an 
underlying defect in the immune system and are rapid in onset with high mortality, 
whereas chronic and allergic diseases primarily affect individuals with normal 
immune systems and are long-term, even lifelong, conditions.

Chronic aspergillosis is a long-term disease occurring in those with a prior or 
underlying lung-damaging condition. At-risk individuals commonly have prior or 
current tuberculosis, COPD or sarcoidosis. The course of the disease can range from 
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months to many years and is associated with significant mortality. Allergic forms of 
aspergillosis affect individuals with atopic asthma or severe asthma or may affect 
atopic individuals in the context of primary allergy or rhinitis.

Allergic and chronic forms of fungal disease are far more common than invasive 
disease, and it is therefore important to understand the immunology of these dis-
eases and the potential defects in host defence against fungal infection that may 
lead to them. There is an increasing global awareness of these conditions, and since 
individuals with chronic or allergic fungal disease require long-term antifungal 
therapy, this results in a rapidly increasing healthcare cost. The issue of antifungal 
drug resistance is acute in these individuals as resistance frequently arises during 
their long-term therapy. This chapter will outline the features of allergic and 
chronic fungal diseases and our knowledge of the underlying immunology.

7.2	 �Disease Frequency

Allergic and chronic forms of fungal disease are far more common than invasive dis-
ease. This arises from the fact that these diseases are complications or sequelae of 
common underlying conditions such as asthma or tuberculosis, whereas the underlying 
condition for invasive disease and immune dysfunction is limited to small numbers of 
individuals with active HIV or those clinically immunocompromised for transplant or 
by chemotherapy. Complications of atopic asthma by fungal colonisation, such as 
allergic bronchopulmonary aspergillosis (ABPA) and severe asthma with fungal sensi-
tisation (SAFS), represent the most severe and debilitating forms of asthma [1–3]. 
More than 4.8 million adult asthmatics have ABPA worldwide [4]; however, the dis-
ease is rare in children [5]. The exact numbers affected by ABPA is unclear, but ABPA 
is identified in 1–8% of asthmatics seen in hospital referral clinics [6, 7].

7.3	 �Description of Allergic and Chronic Fungal  
Disease Types

Several forms of allergic fungal disease have been described. These include fungal 
rhinosinusitis, allergic bronchopulmonary aspergillosis (ABPA), allergic broncho-
pulmonary mycosis (ABPM) and severe asthma with fungal sensitisation (SAFS). 
ABPA is the best studied disease in this group, and it is not known whether the other 
diseases are separate entities or form part of a disease continuum resulting from 
fungal persistence in the airway interacting with different underlying inflammatory 
diseases such as asthma or severe asthma.

Allergic bronchopulmonary aspergillosis (ABPA) is a hypersensitivity lung dis-
ease associated to airway colonisation by the pathogenic mould A. fumigatus [2, 8]. 
When other fungi are found to cause this condition, it is referred to as 
ABPM. Exposure to fungi is universal; every day we inhale litres of air that con-
tains thousands of Aspergillus spores [9]. Due to the small size of spores, they can 
rapidly be deposited into the lower bronchial airways. In the healthy human host, 
spores are recognised and cleared by the innate immune system via a Th1 immune 
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response. ABPA is caused by an exuberant and distinctive host response to 
Aspergillus antigens [10–12]. It is frequently seen in asthma (2.5%) and cystic 
fibrosis patients (15%) [13, 14], who develop ABPA following inhalation and air-
way colonisation of A. fumigatus [14, 15]. In these patients, an allergic Th2 
response develops on exposure to A. fumigatus.

Studies have attempted to elucidate the underlying mechanism for this Th2 response 
in ABPA. Some have focused on the response of the bronchial epithelium, while others 
have focussed on specific cells such as macrophages [16–21]. The numerous A. fumig-
atus antigens promote an IgE-mediated and eosinophilic response, which is thought to 
be responsible for the disease features and symptoms. IgG and cellular responses are 
implicated as well, but tissue invasion does not occur [22]. This unusual reaction 
induces the production of Th2 pro-inflammatory cytokines responsible for IgE produc-
tion, mast cell degranulation and allergic airway response activation [10, 11, 23]. 
Stimulation of PBMCs with Aspergillus results in production of Th2 cytokines IL5 and 
IL13, and ABPA patients show increased Aspergillus-induced IL5 and IL13, and 
decreased IFNγ production, compared to healthy controls [24]. IgE production, eosino-
phil recruitment and production of an abnormal host inflammatory response in the 
bronchi and bronchioles of the lungs is observed [25]. This is followed by excessive 
mucin production, eosinophil infiltration of the bronchial mucin and development of 
the features of ABPA [15]. Moreover, certain secreted Aspergillus proteins can induce 
toxicity in the bronchial epithelium causing cell detachment and death.

7.4	 �Clinical Symptoms of ABPA

Although ABPA caused by A. fumigatus is the most common form of allergic bron-
chopulmonary mycosis, other fungi can cause the disease [4]. Patients have poorly 
controlled asthma, wheezing, haemoptysis and expectoration of mucus plugs [22]. 
Other symptoms include fever, malaise and fatigue. Recurrent pulmonary infiltrates 
with or without bronchiectasis is frequent [4]. Elevated total blood IgE levels and 
IgE reactivity to A. fumigatus is observed in patients, and A. fumigatus is often iso-
lated from sputum. Often central bronchiectasis and mucoid impaction of bronchi 
with distal atelectasis occurs. Untreated ABPA can result in pulmonary fibrosis and 
eventually respiratory failure [22].

Differential diagnosis of ABPA used to be difficult as clinical signs are unspe-
cific and frequently misdiagnosed as pulmonary tuberculosis. However, in 2013, the 
ABPA complicating asthma group, from the International Society for Human and 
Animal Mycology (ISHAM), proposed the new diagnostic and classification crite-
ria for ABPA [22]. They agreed on the need for one of the predisposing conditions 
of bronchial asthma and cystic fibrosis and two obligatory criteria. Patients should 
have a Type I Aspergillus skin test positive or elevated IgE levels specific against A. 
fumigatus, and the total IgE levels should be >1000 IU/ml. Moreover, at least two 
out three of the next criteria should be met: the presence of precipitating of IgG 
antibodies against A. fumigatus in serum, radiographic pulmonary opacities consis-
tent with ABPA or total eosinophil counts >500 cells/ml in patients that have never 
been treated with steroids before [22].
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Severe asthma with fungal sensitisation (SAFS) (also known as fungal-associated 
severe asthma) is a complication of severe asthma caused by sensitisation to one or 
many fungi including A. fumigatus, Penicillium chrysogenum, Cladosporium her-
barum, Alternaria alternata, Candida albicans and Trichophyton spp. The underly-
ing condition, severe asthma, is defined by the 2009 ATS/ERS guidelines or earlier 
BTS guidelines. In practice this means a low FEV1 or peak flow (usually persis-
tently), high-dose inhaled steroids and/or frequent courses of oral steroids. SAFS is 
indicated when total IgE to fungi is <1000 KIU/L or when skin test or specific IgE 
test is positive for any fungus. Severe asthma affects 5–20% of those with asthma; 
of these, 35–50% have SAFS, depending on how extensively they are tested. It is 
conservatively estimated that SAFS might affect 6 million people worldwide. 
Treatments for SAFS include treatment for severe asthma with additional antifungal 
treatment for asthma. Itraconazole treatment benefits ~60% patients in terms of 
quality of life, although not necessarily improved lung function. Severe asthma is a 
very debilitating disorder, with frequent medical contacts and multiple treatments. 
Poor or late treatment of severe asthma results in a number of intensive care admis-
sions or deaths each year, but it is not known how many of these are in SAFS 
patients.

7.5	 �Fungal Sinusitis

The terms allergic fungal rhinosinusitis (AFRS), eosinophilic fungal rhinosinusitis 
(EFRS), allergic Aspergillus sinusitis and eosinophilic mucin rhinosinusitis encom-
pass several disease entities, with unclear boundaries between them. The predomi-
nant fungus responsible varies geographically but includes A. fumigatus, A. flavus, 
Bipolaris spicifera, Curvularia lunata and Alternaria alternata. Alternaria alter-
nata is the most common causative agent in the USA, while A. flavus is the most 
common in the Middle East, India and Pakistan. Fungal sinusitis is usually a chronic 
condition causing nasal obstruction, loss of smell, nasal discharge (productive 
sneezing and/or postnasal mucus) and a pressure sensation over the sinus area. 
Patients often have asthma. AFRS and EFRS are estimated to affect ~12 million 
people at any time.

7.6	 �Chronic Pulmonary Aspergillosis (CPA, Aspergilloma, 
Chronic Necrotising Pulmonary Aspergillosis, Chronic 
Cavitary Aspergillosis)

The term chronic pulmonary aspergillosis embraces several closely related disease 
entities including simple aspergilloma, chronic cavitary pulmonary aspergillosis 
and chronic fibrosing pulmonary aspergillosis. CPA is a slowly progressive and 
destructive disease of the lungs, usually of one or both upper lobes, with cavity 
formation the most common radiological feature. It is arbitrarily defined as being 
present for at least 3 months. It occurs in non-immunocompromised or minimally 
immunocompromised patients. Some patients have nodules, which probably 

N. Overton et al.



157

represent early disease, may be mistaken for lung cancer and have a positive PET 
scan. Common symptoms are fatigue, weight loss, breathlessness, productive cough 
and haemoptysis (coughing up blood). The disease is often mistaken for pulmonary 
tuberculosis and both diseases can coexist. About 25% of patients have an aspergil-
loma (fungal ball) present; the remainder have one or more cavities and/or nodules. 
Chronic pulmonary aspergillosis is estimated to affect over 3 million people world-
wide, of whom ~1.2 million have had tuberculosis.

7.7	 �Clinical Symptoms of Chronic Pulmonary Aspergillosis

7.7.1	 �Aspergilloma

Aspergillomas (or fungal balls) are a gelatinous mass of fungus, usually A. fumiga-
tus. Diagnosis is normally from an x-ray or CT scan showing an approximately 
spherical shadow with surrounding air in a pulmonary cavity, with serological or 
microbiological evidence that Aspergillus spp. is present in the material. Patients 
are normally not immunocompromised, and aspergillomas can remain stable for 
many months without progression or obvious symptoms. Multiple aspergillomas or 
those that are complicated by cavities may be known as complex aspergillomas 
[26].

7.7.2	 �Chronic Cavitary Pulmonary Aspergillosis (CCPA)

CCPA is defined as the presence of one or more pulmonary cavities, which may or 
may not contain a fungal ball, with serological or microbiological evidence impli-
cating Aspergillus spp. in a non-immunocompromised patient (or one whose 
immunocompromising condition has remitted or is trivial) with significant pulmo-
nary or systemic symptoms and overt radiological progression (new cavities, 
increasing pericavity infiltrates or increasing fibrosis) over at least 3  months of 
observation [27]. If untreated, cavities can continue to form and/or expand over a 
period of months or years, with progressive lung fibrosis and chronic inflammation 
[27]. Aspergillus growth on the cavity surface, without tissue invasion, may lead to 
fungal balls (aspergillomas). The mechanisms underlying the observed pathology 
are largely unknown, but development of aspergilloma(s) represents a later phase 
of CCPA [28]. If biopsy of the affected area is performed, it demonstrates hyphae 
with surrounding chronic inflammation and fibrosis but not tissue invasion.

7.7.3	 �Chronic Fibrosing Pulmonary Aspergillosis (CFPA)

CFPA patients have severe fibrotic destruction of at least two lobes of lung compli-
cating chronic cavitary pulmonary aspergillosis, leading to a major loss of lung 
function. Usually the fibrosis is in the form of consolidation, but it may be large 
cavities with surrounding fibrosis. Severe fibrotic destruction of one lobe with a 
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cavity is simply referred to as chronic cavitary pulmonary aspergillosis affecting 
that lobe.

7.7.4	 �Subacute Invasive Aspergillosis or Chronic Necrotising 
Pulmonary Aspergillosis (CNPA)

More mild than true invasive aspergillosis, subacute invasive aspergillosis usually 
occurs in mildly immunocompromised patients, occurring over 1–3 months, with 
marked pleiotropic radiological features (cavitation, nodules and progressive con-
solidation with “abscess formation”) and hyphae visible in destroyed lung tissue 
or inferred from microbiological investigations (i.e. positive Aspergillus 
antigen).

7.8	 �Predisposing Conditions for CPA

Individuals affected with chronic cavitary pulmonary aspergillosis (CCPA) almost 
invariably have some prior lung disease (e.g. chronic obstructive pulmonary disor-
der [COPD] or pulmonary tuberculosis [TB]) but are overtly immunocompetent and 
do not generally have clinical history of recurrent infection [29, 30]. The common-
est underlying lung diseases are tuberculosis, chronic obstructive pulmonary dis-
ease, sarcoidosis, ABPA, prior pneumothorax, prior lung cancer (sometimes with 
lung radiotherapy or surgery) and asthma (including SAFS). Most patients are not 
taking corticosteroids or other immunosuppressant drugs, but many are on inhaled 
corticosteroids or take small doses of oral corticosteroid. Many patients have low 
IFNγ responses to standard stimuli.

7.8.1	 �Tuberculosis

A recent study identified tuberculosis (either classical TB or non-tuberculous myco-
bacterial infection, atypical TB) as an underlying condition in 32.5% (41/126) of 
patients [30]. This finding is lower than in other earlier studies, which identified 
tuberculosis as an underlying condition in 50–72% of CPA patients [27, 31, 32]. 
The importance of tuberculosis in the development of aspergillosis is supported by 
various studies of tuberculosis patients. Of 544 patients who had cured tuberculosis 
but who had been left with a residual cavity of ≥2.5 cm 1 year after recovery, 36% 
were found to have positive Aspergillus antibodies, and 22% were found to have 
radiological aspergillomas after 3 years [33, 34]. As these reports are historical and 
are from a time when the various forms of CPA were not recognised as separate 
entities, they are likely to contain cases of what we now recognise as CCPA, SAIA 
and CFPA, as well as simple aspergilloma cases. As 21–35% of patients who sur-
vive pulmonary tuberculosis have residual cavities [35, 36], it is likely that 8–12% 
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patients who recover from classical tuberculosis develop CPA over 4 years. In addi-
tion, CPA can occur simultaneously to tuberculosis; one study has identified 
Aspergillus coinfection in 14/136 (10%) cases of Mycobacterium xenopi pulmonary 
infection [37], while another found that in 4% of 302 patients with Mycobacterium 
kansasii infections developed aspergillosis [38].

7.8.2	 �ABPA, SAFS and Asthma

Case reports of coexistent ABPA and CPA exist, and studies of aspergilloma and 
CPA patients have identified ABPA as an underlying condition in 12–14% (10/85) 
of the cases [30, 39–42]. In one recent study, ABPA was found to be the most com-
mon primary underlying condition [30]. Additionally, this study identified SAFS 
[43] as an underlying condition in 2.4% of CPA patients, and SAFS was found to be 
the primary underlying condition for 1.6% of cases [30]. Asthma has also been 
identified in 6–12% of CPA patients [27, 30, 31, 42].

7.8.3	 �COPD and/or Emphysema

COPD and/or emphysema is one of the most common underlying conditions in 
CPA, identified in over a third of patients in various studies [27, 30, 31, 42]. In addi-
tion, recent data indicates a substantial rise in acute invasive pulmonary aspergillo-
sis (IPA) diagnosed in COPD patients, and this disease has a 95% mortality [44, 45]. 
It is possible that transformation from CPA to acute IPA can occur following an 
exacerbation of COPD and treatment with corticosteroids.

7.8.4	 �Pneumonia

Various studies have identified pneumonia as a predisposing factor for aspergilloma 
and CPA. One identified Pneumocystis carinii pneumonia in 12% of aspergilloma 
cases, while another identified pneumonia and lung abscess in 9.4% of aspergilloma 
cases [32, 41]. A more recent study found that 22.2% (28/126) of the CPA patients 
analysed have pneumonia as an underlying condition [30].

7.8.5	 �Sarcoidosis

Sarcoidosis has been identified as a predisposing factor for CPA, in a number of 
published case reports and studies [30, 46, 47]. Cohort studies have identified sar-
coidosis as an underlying condition in 11.8–17% of CPA patients [31, 32, 41]. In 
addition, a study that followed 100 sarcoidosis patients over a 10 year period found 
that 10% (10/100) developed aspergillomas [48].
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7.8.6	 �Pneumothorax

History of pneumothorax has been identified by various studies, in 11.1–17% of 
CPA cases [27, 30, 31], and, where a primary underlying disease is identified, previ-
ous pneumothorax (±bullae) is also common [30].

7.8.7	 �Lung Cancer and Thoracic Surgery

In a recent study, prior treated lung cancer was identified in 10.3% of CPA cases, 
and thoracic surgery was identified in 14.3% [30]. The relationship of cancer to 
CPA is complex as chemotherapy, chest radiotherapy and/or thoracic surgery are 
normal treatments for lung cancer and may themselves predispose for the disease 
[27, 31, 42].

7.8.8	 �Rheumatoid Arthritis

Rheumatoid arthritis (RA) (with little or no immunosuppressive treatment) was 
identified as an underlying condition in 4% of CPA patients in a recent study [30], 
and upper lobe fibrosis and/or cavitation associated with RA has also been identified 
as an underlying disease in 2.4% of aspergilloma cases [41].

7.8.9	 �General Comments on Pathogenesis of CPA

The studies discussed here demonstrate the importance of underlying conditions in 
the development of CPA. Many of these underlying conditions have effects on the 
physical structure of the lung. Pneumothoraces, lung cancer and thoracic surgery, 
by their nature and by their treatment, result in lung damage, while tuberculosis can 
leave cavities in the lung [33–35]. RA can lead to the development of pulmonary 
fibrosis, pneumonia can cause extensive damage and scarring, and sarcoidosis, par-
ticularly the late stage fibrotic form, results in lung fibrosis and cavities [41, 48]. 
Lung fibrosis can also occur in ABPA [49]. These sequelae result in areas of dam-
aged lung, which Aspergillus can colonise. Once inhaled, the fungus can grow and 
either forms a simple fungal ball or go on to invade the lung parenchyma and cause/
expand cavities. Other conditions, such as ABPA or SAFS, have a strong fungal 
component themselves, and the presence of the fungus in these patients may pre-
cipitate colonisation and development of CPA. Additionally, genetic factors may be 
important in the development of CPA, and some have been identified, but this work 
is in its infancy, as it is for most respiratory conditions [50–53].

7.8.9.1	 �Diagnosis
The key diagnostic tests are serum Aspergillus IgG testing, also known as 
Aspergillus precipitins, and radiology showing one or more cavities or nodules. 
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A. fumigatus IgG antibodies are detectable in ~90% of patients. Alternative 
approaches to diagnosis include detectable A. flavus or A. niger IgG antibodies, 
A. fumigatus IgE antibodies and biopsy/excision of lesions showing hyphae 
consistent with Aspergillus within a cavity. Sputum culture positive rates are 
~25%, and Aspergillus PCR is more sensitive, but many patients are still 
negative.

7.8.9.2	 �Outlook and Prognosis
CPA progresses at a variable rate and is often diagnosed late. Severe disease carries 
a 15–30% mortality in the first 6 months after diagnosis. Death is mainly due to 
pneumonia and lung bleeding. Those with minor involvement will do well for many 
years, if progressive lung destruction can be halted. Azole resistance in A. fumigatus 
is becoming an increasing problem, especially in patients with aspergillomas and 
those with low levels of itraconazole.

7.9	 �Routes of Infection in Chronic and Allergic Fungal 
Disease

It is presumed that fungi are able to grow and persist in the airways of individuals 
with the discussed underlying diseases, giving rise to a dynamic, responsive and 
potent source of allergens as well as secreted fungal proteins such as proteases 
that may damage the airway epithelium. The combination of tissue damage and 
a dynamic source of allergens is thought to be important in triggering allergic 
fungal disease. Other evidence suggests that submicroscopic fragments of dead 
fungi are present in air and that these allergen-bearing particles may also trigger 
allergic responses in the lung. The dynamics of particle deposition in the lung 
means that the smallest particles or spores penetrate furthest. Thus, fungi with 
small spores can penetrate into the alveolae, whereas other fungi with larger 
spores are restricted to the nose and upper airway (Fig. 7.2). Lung epithelium 
also differs in structure and complexity depending on its position in the lung. For 
example, alveolar epithelium is a relatively simple cell monolayer, whereas bron-
chial epithelium cells are more substantial and differentiated into several cell 
types. The combination of this difference in epithelium composition with the 
different penetration of fungal spores means that different fungi are likely to 
encounter different epithelium structures and that the differences in the interac-
tion may mean that immune responses could differ dramatically depending on 
fungal species.

It seems clear that neither live fungus nor hyphal fragments penetrate the epithe-
lium to invade lung tissue to any great extent. Exacerbated symptoms of asthma 
arise from formation of mucus plugs in the airways that restrict air flow and from 
potentially continuous allergen exposure with heightened immune responses 
(Table 7.1 and Fig. 7.1).

Deposition of fungal spores in the lung is dependent on spore size, branching and 
tubule diameter. Different spore sizes are predicted to penetrate the lung to varying 
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degrees with only the smallest spores penetrating to the alveolus. The structure of 
the airway lining differs considerably from the upper airway through to the alveolae 
with the higher airways having the most complex epithelial structure. Thus, spores 
of Alternaria will not penetrate further than the bronchus and will only encounter 
the highly differentiated epithelium consisting of epithelial cells, goblet cells and 
Clara cells, whereas Aspergillus spores will be deposited throughout the airway but 
predominantly in the alveolus.

Table 7.1  Prevalence and annual burden of fungal disease in the EU

Predominant risk groups
At-risk 
population Prevalence Annual burden

ABPA Asthma 34,700,000 2.1% 729,000 
(243–1215)

ABPA Cystic fibrosis 29,000 15% 4300

SAFS Severe asthma 3,470,000 33% 1,145,000

CPA COPD, sarcoidosis, TB, 
ABPA

>13,600,000 1–10% 204,000

IPA HSCT, neutropenia, 
corticosteroids

~5–50,000,000 1–10% ~50,000

BRONCHUS

10-25µm

5-10µm

2-4µmSPORE
DEPOSITION

MUCUS

EPITHELIUM

BASEMENT
MEMBRANE

SUB-EPITHELIAL
MATRIX

EPITHELIAL
COMPLEXITY

FUNGAL
SPORE SIZES

Alternaria Cladosporium Aspergillus

BRONCHIOLE ALVEOLUSFig. 7.1  Deposition of 
fungal spores in the lung
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7.10	 �Immunology of Allergic and Chronic Fungal Disease

7.10.1	 �Immunopathogenesis of ABPA

The fact that only 2–4% of atopic asthmatics acquire ABPA in an environment pro-
viding constant exposure to fungi suggests that susceptibility may be genetic. Two 
to four percent of the atopic population is allergic to fungi; however, most 

RELEASE OF
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TLR2/4

TLR2/4

MACROPHAGE

IL8

EPITHELIUM

IL6

TSLP DENDRITIC
CELL

EOSINOPHIL
ACTIVATION,
MIGRATION B

cell

B
cell

ANTIGEN
PRESENTATION
VIA HLA-DR2/5

CCL17

IL33

IL10

IL5

IL4
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Fig. 7.2  Immunology of the ABPA response. Glucan and other surface components of 
Aspergillus fumigatus germinating spores and hyphae activate resident macrophages, dendritic 
and respiratory epithelial cells via innate recognition receptors, such as dectin-1 or toll-like 
receptor (TLR2/4) to produce T-helper cell (Th2) promoting cytokines; chemokines and co-
stimulatory molecules that include thymic stromal lymphopoetin (TSLP), interleukin (IL)-25, 
IL-33 and CCL17. These stimulate differentiation, chemotaxis and activation of CD4+ Th2 
cells. CCL17 also attracts regulatory T cells (Treg) capable of suppressing protective Th1. Th2 
cells produce IL-4 and IL-5 that attract and activate eosinophils. Fungal antigens are captured 
and presented to the adaptive immune system by professional antigen-presenting cells such as 
macrophages and dendritic cells leading to the presence of B cells that produce IgG specific to 
fungal proteins. On further exposure to these proteins and with co-stimulation by IL4, these B 
cells differentiate into IgE-producing B cells or plasmacytes. IgE antibodies bind to the FCEr 
receptor of mast cells: these receptors dimerise in the presence of fungal antigen triggering an 
immediate hypersensitivity reaction. Further inflammatory responses are caused by fungal 
protease-mediated degradation of the epithelial cell tight junction typically leading to release 
of the broad spectrum IL6 and IL8 cytokines. Combination of the Th2 cell response and mast 
cell degranulation leads to the typical mucosal inflammation and mucus over secretion seen in 
ABPA
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individuals with fungal allergy do not have ABPA. These observations suggest that 
susceptibility to ABPA is not simply a matter of atopic asthma complicated by fun-
gal allergy but that it must depend on some more profound susceptibility to fungal 
colonisation. Atopic asthma is not a strict requirement for ABPA; however, almost 
all individuals with ABPA have this underlying condition. This poses difficulties in 
attempting to define genetic susceptibility factors for ABPA as affected individuals 
already have a genetically and immunologically complex disease. Furthermore, the 
use of animal models to discover genes involved in the disease is hindered by the 
lack of refined models for either ABPA or atopic asthma.

In a normal, healthy immune response, lung epithelial cells, dendritic cells and 
macrophages regulate the Th1/Th17/Th2/Treg balance, which is critical for patho-
gen clearance [54]. For most fungal exposure, this response is biased towards 
Th1cell proliferation which is thought to lead to effective killing and clearance of 
fungi by neutrophils, macrophages and T cells [55].

In ABPA or other allergic fungal diseases, cells respond to fungal exposure with 
a Th2 response. A. fumigatus germinating spores and hyphae activate dendritic and 
respiratory epithelial cells via components of the innate immune system [9, 56, 57]. 
Toll-like receptor (TLR) 2/4, dectin 1 and 2 and other pattern-associated molecular 
pattern receptors located on epithelial cells, dendritic cells and macrophages resi-
dent in the lung produce cytokines, chemokines and co-stimulatory molecules such 
as thymic stromal lymphopoetin (TSLP), interleukin (IL)-25, IL-33, OX40 ligand 
(OX40L) and CCL17 (thymus-activated and thymus-regulated chemokine), which 
stimulate differentiation and activation of CD4+ Th2 cells. CCL17 also attracts 
regulatory T cells (Treg) capable of suppressing protective Th1 responses. 

The Th2 cell response releases IL-4 and IL-5 that attract eosinophils and drive 
differentiation of B cells to IgE-secreting plasmacytes. Since the lungs may contain 
a substantial amount of fungus, many B cells will carry fungus-specific IgG that is 
converted to fungus-specific IgE by chain switching. Fungus-specific IgE binds a 
specific receptor, FCER, on mast cells and basophils, and these cells react to the 
binding of fungal allergen and antigen proteins by degranulation and release of 
histamines and other factors that trigger an immediate hypersensitivity reaction. 
This results in bronchoconstriction and overproduction of mucus in the airway lead-
ing to mucus plugging. The inflammatory response can lead to bronchiectasis that 
may progress to fibrosis if untreated. Recent work by Becker et al. suggested that 
the Th2 stimulatory signalling observed in ABPA arises through CR3 receptor-
mediated detection of fungi, specifically A. fumigatus [24].

7.10.1.1	 �SAFS
It is not clear why the proportion of individuals sensitised to fungi is so high in 
severe asthmatics. The tenfold higher rate of fungal allergy in severe asthma com-
pared to normal allergic individuals suggests a role for fungal colonisation in driv-
ing asthma to its most extreme form; however, no mechanisms have yet been proven 
to support this hypothesis.
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7.10.2	 �Immunology of Chronic Pulmonary Aspergillosis

It is thought that the scar or cavity left by the predisposing disease or lung injury 
forms a weak point in the lung that can be exploited by the infecting fungus. Few 
immunological features have been associated with the disease; however, many 
individuals with CPA have high levels of Aspergillus-specific IgG, which may 
arise from the very high fungal burden observed in this condition. The field has 
also been hampered by lack of an animal model for chronic fungal infection. One 
recent promising advance has been the use of agarose bead protected fungal 
hyphae in mouse models of long-term fungal colonisation [58]. In this model 
system, fungi can persist in mouse airways for up to 28 days. Pro-inflammatory 
cytokines and chemokines increased early in infection with raised levels of inter-
leukin-4 (IL-4), elevated IgE levels in serum and a mild increase in airway 
responsiveness. T-cell analysis suggested a Th2-type response, followed by a rise 
in IL-17 and Foxp3 (+) cells by day 14. A high proportion of patients with 
chronic pulmonary aspergillosis are poor producers of IFN-γ in response to mul-
tiple stimuli, and this is currently being explored as a possible therapeutic tool 
for CPA [59].

7.10.3	 �Gene Variants Associated with Chronic and Allergic 
Fungal Disease

The study of genetic variants associated with chronic and allergic fungal disease has 
been hampered by the complexity of both the disease and by the associated underly-
ing conditions. For instance, it is not clear whether genetic factors discovered for 
CPA are somehow related to underlying tuberculosis or COPD.

7.10.3.1	 �CPA
Little is known about the factors affecting susceptibility, continuing inflammation 
or disease pathogenesis in CCPA. The most commonly cited susceptibility factor is 
underlying disease; however, the proportion of patients with any one disease is 
small, and only a small percentage of individuals with any one underlying disease 
develop CCPA [30]. Previous genetic association studies involving small numbers 
of patients have identified associations between CPA and TNF, MBL2, TGFB1, 
IL15, TLR4 and IL10 [51–53, 60] but do not explain all cases of CPA and have 
proved difficult to replicate.

Recent studies [29, 61] using larger CPA populations suggested several SNPs 
associated with CCPA including three intronic mutations in IL15 (rs6842735, 
rs12508866, rs1519551), an intronic insertion-deletion mutation in IL1B 
(rs3917354), a missense non-synonymous coding SNP in TLR1 (rs4833095),a 
3′UTR SNP in IL1RN (rs4252041), a CLEC7A SNP (rs7309123) previously associ-
ated with IA [62] and further SNPs in DENND1B (rs2477077), PLAT (rs8178890) 
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and VEGFA (rs10434) (Table 7.2) [61]. Additional SNPs in TLR1, CLEC7A, IL17A 
and IL1B showed trends towards significance but failed to pass correction for mul-
tiple testing (FDR corrected p-values 0.050–0.051) (Table 7.2) [29].

7.10.3.2	 �ABPA
Why some asthmatic individuals develop ABPA upon exposure to A. fumigatus 
while others are unaffected remains unclear, despite studies. Chronic intranasal 
administration of mould spores or extracts to unsensitised mice can lead to allergic 
lung inflammation, hyperreactivity and lung remodelling [63], but the effect in 
humans is unclear. There are reports of ABPA within families, suggesting a common 
genetic basis with low penetrance [64, 65], and familiar occurrence of ABPA has 
been reported in 4.9% of ABPA patients in India, where the disease is common [66]. 
Although our knowledge of genetic risk factors that might be involved in ABPA is 
limited, polymorphisms in genes that might play a crucial role for the ABPA immune 
response (IL4R, IL10, TLR9, SFTPA2 and HLA-DR) have been described in various 
small genetic association studies (involving ≤38 patients) [51, 60, 67–69]. In addi-
tion, the structural gene CFTR has been previously associated with ABPA [70], and 
a more recent, larger genetic association study has found associations with other 
genes [71]. This study identified 17 ABPA-associated polymorphisms, three of 
which remained significantly associated after correction for multiple testing. These 
were in the immune genes IL13, IL4R and TLR3 [71] (Table 7.3).

Table 7.2  SNPs associated with CCPA

Gene SNP Alleles
Model for 
association

Odds ratio (95% 
CI)

FDR 
p-value Location

IL1RN rs4252041 C/T TT+TC vs. CC 0.23 (0.07, 0.76) 0.039 3′ UTR

IL1B rs3136558 A/G AG+GG vs. AA 0.57 (0.35, 0.92) 0.051 Intronic

rs3917354 T/− T-+-- vs. TT 0.55 (0.33, 0.91) 0.046 Intronic

IL15 rs1519551 A/G AA+AG vs. GG 0.48 (0.29, 0.79) 0.011 Intronic

rs6842735 G/T TT+GT vs. GG 1.79 (1.12, 2.88) 0.038 Intronic

rs12508866 T/C CC+TC vs. TT 1.70 (1.09, 2.66) 0.046 Intronic

IL17A rs3748067 G/A AA+GA vs. GG 1.90 (1.10, 3.28) 0.050 3′ UTR

TLR1 rs4833095 A/G AG+GG vs. AA 0.58 (0.36, 0.95) 0.065 Exonic 
(Asn/Ser)

CLEC7A 
(dectin-1)

rs7309123 C/G CC+GC vs. GG 0.59 (0.35, 0.99) 0.099 Intronic

PLAT rs8178890 G/A AA+GA vs.GG 0.38 (0.16, 0.86) 0.049 Intronic

rs879293 G/A AA+GA vs. GG 1.65 (1.01, 2.69) 0.097 Intronic

DENND1B rs2477077 C/T CC+CT vs. TT 0.34 (0.14, 0.83) 0.041 Intronic

VEGFA rs10434 G/A GG+AG vs. AA 2.12 (1.16, 3.90) 0.036 3′ UTR

From Smith et al. [29, 61]
Risk allele shown in bold. All SNPs are associated with CCPA before correction for multiple test-
ing (p < 0.05). SNPs in bold remain significant after Benjamini-Hochberg adjustment for false 
discovery rate (FDR adjusted p-values shown)
CI confidence interval
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7.10.3.3	 �SAFS
Recent work in our laboratory suggests that there are some genetic susceptibility 
factors for SAFS. Additional and broader genetic association studies in SAFS, com-
bined with experimental work, are likely to contribute to our understanding of dif-
ferent phenotypes of problematic asthma.

7.11	 �Discussion

Chronic and allergic fungal diseases are both common and complex. They are almost 
exclusively secondary infections that complicate an existing condition or display a 
specialised opportunistic mode of infection utilising lung damage caused by a 

Table 7.3  SNPs associated with ABPA

Gene SNP Alleles
Model for 
association

Odds ratio (95% 
CI)

BH 
FDR 
p-value Location

ADORA2A rs2236624 C/T CC+CT vs. TT 0.37(0.14–0.99) 0.130 Intronic

DECTIN1 rs11053624 T/C CC+TC vs. TT 2.11 (1.08–4.10) 0.086 5′ near 
gene

rs7959451 C/T TT+CT vs. CC 2.00 (1.12–3.55) 0.061 3′ UTR

IL13 rs20541 G/A AA+GA vs. GG 2.08 (1.23–3.53) 0.025 Exonic 
(R>Q)

rs1800925 C/T TT+TC vs. CC 1.86(1.10–3.14) 0.067 5′ near 
gene

IL17A rs3819024 A/G GG+GA vs. AA 1.78(1.05–3.02) 0.097 5′ near 
gene

IL4R rs3024656 G/A GG+GA vs. AA 4.78 (1.39–16.4) 0.045 Intronic

rs1029489 G/A AA+GA vs. GG 2.00 (1.14–3.52) 0.054 3′ near 
gene

rs6498012 G/C GG+GC vs. CC 0.49 (0.25–0.98) 0.122 Intronic

MBL2 rs2099903 C/A CC+CA vs. AA 0.31(0.11–0.88) 0.086 3′ UTR

PLAT rs8178880 A/G GG+AG vs. AA 0.26(0.07–0.92) 0.108 Intronic

PLG rs4252053 A/G GG+AG vs. AA 1.97(1.10–3.54) 0.075 5′ near 
gene

TLR3 rs1879026 G/T TT+GT vs. GG 0.44(0.24–0.80) 0.026 Intronic

rs10025405 A/G GG+GA vs. AA 1.83 (1.05–3.18) 0.100 Intergenic

rs5743303 A/T TT+AT vs. AA 1.95(1.13–3.36) 0.56 5′ near 
gene

rs5743305 T/A AA+TA vs. TT 0.54(0.32–0.91) 0.67 5′ near 
gene

rs7668666 C/A AA+CA vs. CC 1.75(1.04–2.96) 0.105 Intronic

From Overton et al. [71]
Risk allele shown in bold. All SNPs are associated with ABPA before correction for multiple test-
ing (p < 0.05). SNPs in bold remain significant after Benjamini-Hochberg adjustment for false 
discovery rate (FDR adjusted p-values shown)
CI Confidence interval
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previous disease. The manner in which allergic disease can progress to chronic dis-
ease suggests that there may be shared susceptibility for both allergic and chronic 
fungal disease, but the symptoms and features of the two types of disease are quite 
distinct.

Study of genetic factors underlying chronic and allergic fungal disease has been 
hampered by a number of factors: until recently clinical guidelines and descriptions 
for either disease were not available, so few cases were diagnosed, symptoms for 
either disease are diffuse and easily misdiagnosed so strict phenotyping of patients 
for genetic typing has proved problematic, and, finally, the nature of the underlying 
disease needs to be considered, and this has posed problems in choosing the right 
control group for genetic comparisons.

The gene variants associated with either disease can be grouped into those affect-
ing antigen presentation for the adaptive immune response (HLA genes), genes 
involved in the innate immune response particularly pattern recognition receptors 
(e.g. dectin-1, TLR genes, CLEC7A, MBL and SP-A) and genes involved in 
immune cell attraction, maturation and migration (e.g. PLAT, CCL2). The genes 
selected for analysis were chosen from our existing knowledge of the innate immune 
response to fungi, and so these results are not unexpected. Although these known 
variants are significant, they are all present at low frequency in the affected popula-
tion. No variant yet studied is capable of explaining the full range or frequency of 
genetic susceptibility to fungal infection.

Future research in this area is likely to include more wide-ranging genetic tech-
niques such as whole genome and exome sequencing that will shed light on the true 
range of factors that underlie these diseases.
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8Biomarker Applications in Diagnostics 
of Fungal Infections

Johan Maertens and Katrien Lagrou

Abstract
Diagnosing invasive mold disease has long been problematic owing to the inabil-
ity to culture the causal fungal agent from blood or other body fluids. This has 
fueled an interest in nonculture-based techniques such as the detection of galac-
tomannan in blood and bronchoalveolar fluid, the detection of beta-D-glucan in 
blood, and the detection of fungal DNA by PCR-based platforms. The past 
decades have witnessed important improvements in our understanding of the 
strengths and limitations of the antigen assays and in the standardization of PCR-
based DNA techniques. These assays are now being incorporated into care path-
ways and diagnostic algorithms; they help us to steward and monitor antifungal 
therapies and to predict treatment outcomes.

8.1	 �Introduction

Invasive fungal infections are usually caused by yeast or mold pathogens. Diagnosis 
of invasive yeast infections is often based on a positive culture from a sterile body 
site (e.g., blood culture positive for Candida spp.) or on a specific serological test 
(e.g., cryptococcal antigen test). Diagnosis of invasive mold infections is less 
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straightforward; culture is frequently negative, and non-culture-based mycological 
tests exhibit major shortcomings, although advances have been made over the past 
two decades. Herein, we will focus on the availability and the use of biomarkers for 
diagnosing invasive mold disease with a particular emphasis on invasive 
aspergillosis.

Invasive mold infections, usually affecting the respiratory tract, occur almost 
exclusively in patients with varied degrees of immunodeficiency and produce a 
wide range of clinical manifestations. The risk is determined by the nature and the 
extent of the compromised immunity as well as the prophylactic use of antifungals 
and the accommodation in protective environments [1]. Patients considered at high-
risk include allogeneic stem cell transplant recipients, those being treated for acute 
myeloid leukemia, myelodysplastic syndromes or aplastic anemia, and subgroups 
of solid organ transplant recipients [1]. However, over the past decade, several novel 
risk groups have been identified, including (but not restricted to) patients with 
chronic obstructive lung disease, liver cirrhosis, autoimmune disorders, and influ-
enza pneumonia. Many of these latter patients do not reside in hemato-oncology or 
transplantation units but are being hospitalized in intensive care facilities [2, 3]. 
However, many cases of invasive mold disease still remain undiagnosed or are only 
identified at autopsy because of difficulties in making an early diagnosis [4]. This 
shortcoming has resulted in a widespread and well-accepted practice of starting 
antifungals prophylactically or empirically, in the absence of any confirmation of 
fungal infection or disease. Although this approach is considered “standard of care” 
by many treating physicians, this also results in unnecessary antifungal drug treat-
ment, adverse drug reactions, and increased healthcare expenditure [5]. Diagnostic 
tools targeting fungal biomarkers (galactomannan, β-D-glucan, fungal DNA) have 
been developed over the past decades. These assays display improved performance 
characteristics compared with culture and microscopic examination, the more con-
ventional diagnostic tools. In recent clinical practice, these novel tests are being 
increasingly used to determine a treatment strategy and to influence patient manage-
ment [6]. However, understanding test performance in different at-risk populations 
with different prevalence of disease and in different clinical specimens is required. 
Assessing the clinical utility of these tests and feeding back the interpretation of test 
results to treating physicians has become a key element of antifungal stewardship, 
especially in centers with a large population of immunocompromised patients.

8.2	 �Available Biomarkers

8.2.1	 �Conventional Tools

Culture and microscopic examination have always been the cornerstones for mak-
ing a microbiological diagnosis of IFD. However, culture is time-consuming and 
requires considerable expertise. In addition, blood cultures are notoriously nega-
tive (with the exception of Fusarium spp.), even in disseminated disease, and cul-
ture from any respiratory specimen has only low to moderate sensitivity and 
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predictive value [7–9]. In an attempt to minimize the overinterpretation of the 
clinical significance of a positive culture for Aspergillus species, Bouza and col-
leagues developed a helpful score based on easily obtainable clinical and microbio-
logical information, including (a) a sample obtained by invasive procedures (1 
point), (b) two or more positive samples from the same patient (1 point), (c) under-
lying leukemia (2 points), (d) presence of neutropenia (5 points), and (e) cortico-
steroid treatment (2 points) [10]. Patients with a score of 0 had only a 2.5% 
probability of invasive aspergillosis. Those with a score of 1 or 2 had an increased 
probability of 10.3%. The probabilities rose to 40% and 70%, respectively, for 
patients with a score of 3 or 4 or a score of ≥5. This score helps to rule out the 
probability of proven or probable aspergillosis in an unselected population and bet-
ter defines the subpopulation which needs more aggressive diagnostic work-up for 
the confirmation of disease. Similar scores have not yet been developed for other 
mold pathogens.

However, the lack of efficient diagnostic tools has led to the development of sur-
rogate markers, based on the detection of fungal cell wall components or fungal 
DNA in clinical specimens.

8.2.2	 �Galactomannan

The fungal cell wall is almost exclusively composed of polysaccharides, including 
galactomannan (GM), a molecule composed of mannose residues with side chains 
of β-(1-5)-linked galactofuranosyl units. During the initial phase of logarithmic fun-
gal growth, GM is incorporated into the cell wall, but as apical growth continues, 
the hyphal tip becomes weaker and releases GM [11]. Using an in vitro model of the 
human alveolus, Hope et al. demonstrated that the kinetics of GM release and sub-
sequent levels are closely related to the dynamics of angioinvasion, concluding that 
that GM is only released into the circulation after the fungus has invaded the endo-
thelial compartment [12].

GM can be detected in various body fluids by a commercially available sandwich 
enzyme-linked immunosorbent assay (ELISA; Platelia Aspergillus®, Bio-Rad, 
Marnes-la-Coquette, France). This test uses EB-A2, a rat monoclonal antibody 
which specifically binds to four galactofuranosyl residues, both as capture and 
detecting antibody [13]. In the presence of antigen in a clinical specimen, a mono-
clonal antibody-antigen-monoclonal antibody complex is formed. A chromogenic 
substrate is added to reveal the presence of such complexes by turning blue. 
Microplates are read using an optical reader that calculates the ratio of the optical 
density relative to a control provided by the manufacturer (the so-called optical 
density index) [14]. The test is included as a mycological criterion within the 
EORTC/MSG consensus definitions and has become the mainstay for diagnosing 
probable invasive aspergillosis [15]. This simple ELISA can be performed at the 
local laboratory level; however, no external quality control exists yet. The assay has 
been extensively evaluated and is the subject of meta-analyses and systematic 
reviews [16–18]. Sensitivities between 17% and 100% have been reported 
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depending on the index cutoff used to determine positivity and on the nature of the 
population at risk. Indeed, the test performs best in adult and pediatric neutropenic 
patients (frequently undergoing intensive chemotherapy for acute leukemia) and 
less well in non-neutropenic patients, including organ transplant recipients and stem 
cell transplant recipients with graft-versus-host disease [16–18]. This probably 
reflects differences in immunopathogenesis of disease and fungal burden and repre-
sents a serious limitation of the assay when used as a screening tool in unselected 
immunosuppressed patients [19, 20]. Earlier studies used an index of ≥1.5 to define 
positivity, as initially recommended by the manufacturer. More recently, the United 
States Food and Drug Administration (US FDA) has approved a cutoff index value 
of ≥0.5 based on testing of two separate blood samples or a single sample with a 
value of ≥1.0 (restricted to patients with hematological malignancies or recipients 
of hematopoietic stem cell transplant) [21]. The European Conference on Infections 
in Leukemia (ECIL) guidelines recommend a single value of ≥0.7 or multiple (con-
secutive) values of ≥0.5 for blood specimens [22]. Of note, the 2008 EORTC-MSG 
revised consensus document has no specified cutoffs for positivity, but refers to the 
manufacturer’s instructions [15]. However, improved sensitivity with the use of 
lower cutoffs comes with a loss of specificity.

Although fairly specific for Aspergillus species, cross-reactivity with non-
Aspergillus molds (including but not limited to Fusarium spp., Penicillium spp., 
Acremonium spp., Alternaria spp, and Histoplasma capsulatum) may occur. In 
addition, galactofuranosyl residues are also present in other macromolecules, result-
ing in false-positive test results. Table 8.1 summarizes established causes of false 
positivity and false negativity.

GM testing can also be applied to other types of specimens, including bronchoal-
veolar lavage (BAL) fluid [23, 24]. Diagnostic bronchoscopy with lavage is per-
formed when radiographic abnormalities of the lung have been detected, usually by 
pulmonary CT-scanning. In this setting, the pretest probability of (fungal) disease is 
much higher than when screening a blood sample from an asymptomatic patient; 
hence specificity becomes crucial such that a higher threshold of positivity is 
needed. Cutoff values of 1.0 have been recommended (and approved by the US 
FDA [21]), although it is likely that even higher thresholds are needed [25]. Recently, 
an index cutoff of 1.0 has also been suggested for analyzing cerebrospinal fluid 
(CSF) samples from patients with (suspected) cerebral aspergillosis [26]. Stringent 
criteria still need to be developed for use with other body fluids (urine, abscesses, 
pleural fluid, ascites, etc.)

8.2.3	 �Beta-1,3-D-glucan

Unlike GM, β-D-glucan (BDG) is a polysaccharide component of the cell wall of 
many pathogenic fungi including Candida spp., Fusarium spp., and Pneumocystis. 
The main exceptions are Mucorales and some Cryptococcus species [27]. Four 
assays are now commercially available, of which the Fungitell® assay (Associates 
of Cape Cod, Inc., East Falmouth, MA, USA) has been approved by the US FDA 

J. Maertens and K. Lagrou



177

and carries the European CE label for the presumptive diagnosis of invasive fungal 
infection [28]. The remainder are only marketed in Japan. Fungitell detects BDG 
through a pathway in the Limulus amebocytes lysate (LAL), an aqueous extract of 
blood cells from the horseshoe crab, Limulus polyphemus. Bacterial endotoxins and 
BDG can activate different coagulation cascades in the LAL; bacterial endotoxins 
specifically activate factor B and C, whereas BDG activates factor G. The Fungitell 
assay uses a modified pathway in the LAL by removing factor C.  Thus, in the 
absence of factor C, the coagulation cascade is activated only in the presence of 
BDG [14]. Also this test has been included in the EORTC/MSG definitions of inva-
sive fungal disease [15]. Of note, cutoff values for determining positivity differ 
markedly between these assays [14].

Table 8.1  Limitations of antigen assays in diagnosing fungal disease

Galactomannan (GM) Beta-D-glucan (BDG)

Reactivity 
with 
fungal 
species

Aspergillus sp., Fusarium sp., 
Paecilomyces sp., Acremonium 
sp., Penicillium sp., Alternaria sp., 
Histoplasma capsulatum, 
Blastomyces dermatitidis, 
Cryptococcus neoformans, 
Emmonsia sp., Wangiella 
dermatitidis, Prototheca, 
Myceliophthora, Geotrichum 
capitatum, Chaetomium globosum

Pneumocystis jiroveci, Aspergillus sp., 
Fusarium sp., Histoplasma capsulatum, 
Candida sp., Acremonium sp., Trichosporon 
sp., Sporothrix schenckii, Saccharomyces 
cerevisiae, Coccidioides immitis, Prototheca

False-
positive 
test results

Semisynthetic β-lactam 
antibioticsa

Semisynthetic β-lactam antibiotics

Multiple myeloma Human blood products, including 
immunoglobulins, albumin, plasma, 
coagulation factor infusions, filtered through 
cellulose membranes

Blood products collected using 
Fresenius Kabi bags

Cellulose hemodialysis/hemofiltration 
membranes

Gluconate-containing plasma 
expanders (e.g., Plasmalyte)

Exposure to (surgical) gauze

Flavored ice pops/frozen dessert 
containing sodium gluconate

Bacterial bloodstream infections (e.g., 
Pseudomonas aeruginosa)

Bifidobacterium sp. (gut)

Severe mucositis or 
gastrointestinal graft-versus-host 
disease

Enteral nutritional supplements

False-
negative 
test results

Concomitant use of mold-active 
antifungal agents

Concomitant use of antifungal agents

Mucolytic agents (BAL) such as 
Sputasol or SLsolution

aInclude ampicillin, amoxicillin-clavulanate, and piperacillin-tazobactam (currently this problem 
seems largely abated compared to previous reports)
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Any systematic review of this test is hampered by significant heterogeneity 
among the patient populations, testing strategies, and the inclusion of retrospective 
and case-controlled studies alongside prospective cohort studies with low numbers 
of documented fungal diseases [29–32]. Most studies report good sensitivity, but 
specificity and positive predictive value for diagnosing mold infections is poor due 
to a high rate of false-positive results (Table 8.1), regardless of the specimen [33]. 
However, the negative predictive value is around 80–90%. Unfortunately, the BDG 
assay is not pathogen specific and therefore cannot differentiate fungal species. In 
addition, pretest preparations may limit its routine applicability.

8.2.4	 �Polymerase Chain Reaction

Polymerase chain reaction (PCR)-based methods have been developed for the diag-
nosis of fungal diseases. The main advantage is the very high sensitivity for the 
real-time detection of fungal DNA. In addition, PCR-based methods can be applied 
to any specimen type, including whole blood, serum, plasma, BAL fluid, CSF, and 
tissue samples. However, lack of standardization due to the use of in-house assays 
using varied protocols involving different specimens, extraction techniques, molec-
ular targets, amplification platforms, and detection techniques has hampered the 
acceptance of these diagnostic assays. For this very reason, PCR has not yet been 
included in the EORTC/MSG consensus definitions as a reliable microbiological 
marker [15]. Fortunately, over the past decade, the European Aspergillus PCR 
Initiative (EAPCRI), established to remedy this situation for diagnosing invasive 
aspergillosis, has made tremendous progress in standardizing protocols for efficient 
DNA extraction and amplification [34–40]. Clinical validation in multicentre pro-
spective studies is ongoing.

Commercially available as well as in-house platforms using genus-/species-
specific genes and panfungal targets have been developed, and the usefulness of 
PCR for diagnosing invasive fungal disease has been recently reviewed [41, 42]. 
Superior performance compared to the serological biomarkers has been suggested 
and high negative predictive values have been consistently documented, despite all 
methodological variabilities [43–45]. Whereas two positive results seem to be 
required to rule in disease, it has been suggested that a single negative PCR result is 
sufficient to exclude Aspergillus disease at that time point.

8.2.5	 �Lateral-Flow Device for Invasive Aspergillosis

A lateral-flow device (LFD) was developed for a point-of-care diagnosis of invasive 
aspergillosis. This assay uses a monoclonal antibody that is highly specific to grow-
ing Aspergillus species (but different from the one used in the Platelia assay) [46, 
47]. Compared to GM and BDG assays, the LFD test is quick (15 min to perform) 
and does not require expensive equipment or specific laboratory facilities to be run. 
Furthermore, cross-reactions with drugs or contaminants that have been shown to 
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cause false-positive reaction in the GM and BDG tests have not (yet) been seen. A 
recent meta-analysis of seven studies (with mainly solid organ transplant recipients) 
yielded a pooled sensitivity, specificity, and DOR for proven/probable versus no 
aspergillosis cases of 86%, 93%, and 65.9%, respectively when using BAL fluid and 
68%, 87%, and 11.9% when using serum samples (in which case a heating step is 
required) [48]. More data on the impact of antifungal prophylaxis or therapy on the 
performance are needed [49]. Of note, similar lateral-flow devices have proven to be 
very successful for the diagnosis of cryptococcal disease and are currently being 
developed for diagnosing non-Aspergillus mold infections (including Fusarium and 
Scedosporium species).

8.2.6	 �Biomarkers in Development

Despite significant recent advances, the available tools for diagnosing invasive fun-
gal disease are far from perfect and clinicians still struggle to make a timely diagno-
sis. Therefore, the search for novel targets and platforms that may further improve 
our diagnostic capabilities continues. An electronic nose (eNose) can discriminate 
various lung diseases through an analysis of exhaled volatile organic compounds. 
An eNose is cheap and noninvasive and yields results within minutes. A proof-of-
principle study showing that neutropenic patients with aspergillosis have a distinct 
exhaled breath profile (or “breath print”) that can be discriminated with an eNose 
has recently been published. This study showed a sensitivity of 100% and a specific-
ity of 83% [50].

Using gas chromatography and mass spectrometry, US researchers were able to 
measure fungal volatile metabolites in breath samples of patients with invasive 
aspergillosis [51]. Detection of α-trans-bergamotene, β-trans-bergamotene, a 
β-vatirenene-like sesquiterpene, or trans-geranylacetone identified these patients 
with 94% sensitivity and 93% specificity. Although both techniques perform well 
for diagnosing invasive aspergillosis, more extensive validation is needed.

In recent years, gliotoxin (GT), a virulence factor during hyphal growth, has 
been proposed as a diagnostic biomarker of invasive aspergillosis. Aspergillus 
fumigatus is the most important GT-producing fungal pathogen, although also non-
fumigatus Aspergillus species can produce GT, as well as less common opportunis-
tic pathogens such as Penicillium spp., Gliocladium spp., and Pseudallescheria spp. 
[52]. Unfortunately, GT is hard to detect in body fluids. Bis(methylthio)gliotoxin 
(bmGT), the inactive derivative of GT, is more stable and appears to be a more reli-
able indicator of infection than GT [52]. Preliminary work demonstrated that bmGT 
is produced by a higher percentage of isolates of A. fumigatus than GT. A recent 
prospective study comparing the diagnostic accuracy of bmGT detection (by high-
performance thin layer chromatography) with GM detection (Platelia assay) in 79 
patients at risk for invasive aspergillosis suggests a higher sensitivity and positive 
predictive value for bmGT than GM and similar specificity and negative predictive 
value [53]. Importantly, combining both tests increased the predictive value of the 
individual biomarkers. Although promising, additional analysis with larger cohorts 

8  Biomarker Applications in Diagnostics of Fungal Infections



180

of patients, as well as the development of an immunochemical method, are needed 
before this test can be implemented in clinical management.

8.3	 �Clinical Validity of Available Biomarkers

Assessing the clinical utility of a diagnostic test – i.e., how will the result determine 
a treatment strategy and potentially influence patient management and outcome – 
has become a key element of antifungal stewardship programs.

Based on factors related to host, underlying disease and condition, and fungal 
exposure, patients can generally be stratified into three risk groups for IFD (high, 
intermediate, and low), and risk-adapted antifungal strategies can be applied accord-
ingly [54]. One generally considers a prevalence of ≥10% as being at high risk and 
≤5% as being at low risk with intermediate lying in between. Importantly, risk 
assessment is a dynamic process and patients may gradually move to higher- or 
lower-risk categories (e.g., patients with refractory initially low-risk disease in need 
of intensive chemotherapy may become high-risk patients) [54]. Adequate risk 
assessment is an important element for the interpretation of test results. In clinical 
practice, physicians don’t usually rely on the clinical sensitivity and specificity but 
rather on the positive and negative predictive values. These latter are influenced by 
the prevalence of disease in a population which determines the pretest probability of 
disease. Hence a diagnostic test for IFD with a sensitivity of 71% and a specificity 
of 89% will have a positive predictive value of only 12% in a population with a 
pretest probability of 2% (e.g., a kidney transplant recipient or a patient with first-
line lymphoma therapy) [55]. However, the negative predictive value of 99.3% 
enables the fungal disease to be ruled out with a high degree of confidence. Using 
the same test in a population with a pretest probability of 15% increases the positive 
predictive value to almost 60% (or a six out of ten chance that the patient has IFD), 
while the negative predictive value remains high at 94%. Unlike predictive values, 
likelihood ratios (LR) are not influenced by prevalence; they inform us on how more 
likely the patient is to have IFD after the test results have become available, allow-
ing us to calculate posttest probabilities (using Fagan’s nomogram). For instance, if 
the prevalence of disease is 15% and the test has a positive LR of 50, then the 
chances of a patient with a positive result having IFD are 90%. Conversely, for a test 
with a negative LR of 0.1, the chances of a patient with a negative result having IFD 
are only 1.7%. Such a probability increase from 15% to 90% or decrease to 1.7% is 
clinically meaningful and should be used to guide antifungal management.

The importance of pretest prevalence is further evidenced by the impact of the 
use of mold-active antifungal drugs, either as prophylaxis or as treatment, on the 
performance characteristics of diagnostic tests [56, 57]. Biomarker assays remain 
frequently negative (or falsely positive) in the presence of drugs that reduce the 
pretest probability of IFD to less than 5% (e.g., posaconazole prophylaxis during 
remission-induction therapy of acute myeloid leukemia) [58].

Finally, the results of all these assays should not be interpreted in isolation. 
Nowadays an adequate and rapid diagnosis of IFD relies heavily on a few 
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well-defined radiological features on pulmonary CT scan (nodules with or without 
a halo, cavities, and/or air crescent signs, as defined by the EORTC/MSG consensus 
criteria) [59]. Unfortunately these abnormalities are time-dependent, largely 
restricted to profoundly neutropenic patients, and nonspecific for invasive pulmo-
nary mold disease. Moreover, nonspecific radiological abnormalities may precede 
these classical signs, especially in less immunocompromised patients and in those 
with moderate or transient neutropenia [60]. Biomarkers have the capacity to 
improve the specificity of these radiological features.

8.4	 �Clinical Application of Biomarkers

8.4.1	 �Low-Risk Patients

Mold-active prophylaxis is not justified for low-risk patients (incidence ≤5%) as the 
number need to harm will exceed the number need to treat to prevent a fungal infec-
tion [61]. Also screening for biomarkers is unlikely to be clinically useful and cer-
tainly not cost-effective [58]. Only testing for biomarkers in patients with a clinical 
picture suggestive of an invasive mold infection, usually a new lung infiltrate, 
appears to be appropriate.

8.4.2	 �High-Risk Patient on Mold-Active Drugs

As evidenced by a recent Spanish study, the clinical utility of twice weekly bio-
marker (GM) screening on blood samples of high-risk patients is severely compro-
mised when mold-active prophylaxis is given or empirical therapy has been started 
[58]. Because of a relative high number of false-positive GM assays and the low 
incidence of IFD in effectively prophylaxed asymptomatic patients, the positive 
predictive value was only 11.8%. However, biomarkers may still be useful to con-
firm a diagnosis in the event of failure of prophylaxis or breakthrough cases of 
invasive aspergillosis. Indeed, when used to diagnose invasive aspergillosis in case 
of clinical suspicion, the positive predictive value increased to 89.6%. For these 
patients, an efficient co-positioning of effective prophylaxis and diagnostic strate-
gies seems feasible. For instance, empirical antifungal therapy could be replaced 
with a diagnostic strategy that employs early pulmonary CT scan and serum/plasma 
and BAL GM detection [62]. Given its high sensitivity and specificity, PCR detec-
tion of fungal DNA might be used as well.

8.4.3	 �High-Risk Patient Not Receiving Mold-Active Drugs

In a high-risk population not receiving mold-active prophylaxis (fluconazole is per-
mitted), a biomarker screening strategy using assays with high sensitivity and high 
negative predictive value can identify patients who do not have fungal infection and 
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do not need antifungal therapy. All currently available noninvasive diagnostic tests 
(GM, BDG, PCR) can be used for this [63]. Of course, the rather low prevalence of 
fungal disease (even in high-risk patients not receiving prophylaxis) and the ubiqui-
tous nature of contaminating fungal pathogens mean that false-positive assays will 
be seen. This will overestimate the need for antifungal therapy, albeit at a much 
lower rate than when empirical therapy would be initiated. Moreover, this drawback 
can be largely overcome by more frequent testing (twice or thrice weekly) or by 
combining different biomarkers [41, 64, 65]. Of note, antifungal therapy should not 
be initiated for patients with a single positive biomarker who have no clinical signs 
of invasive fungal disease; however, this should trigger repeat sampling and further 
intensive diagnostic work-up that includes imaging and, if needed, bronchoscopy 
with lavage. This approach can be used without excess morbidity or mortality [66]. 
Of course, such an approach will inevitably result in more documented cases of 
probable invasive fungal disease.

8.5	 �Can Biomarkers Be Used for Early Response 
Assessment?

Serum GM kinetics has been proposed as a good marker for predicting the outcome 
of patients with invasive aspergillosis, due to the excellent correlation observed in 
recent studies [67, 68]. In general, GM normalization after the initial 2 weeks of 
antifungal therapy is more prevalent in responders than in nonresponders (although 
the kinetics may depend upon the antifungal treatment), whereas persistently posi-
tive GM is associated with higher mortality [69, 70]. Given the performance char-
acteristics of the assay, the correlation between GM values and patient outcome has 
predominantly been observed in studies composed of hematological patients only 
[71]. However, at present, no data suggest that the duration of antifungal therapy 
should be adjusted to the kinetics of biomarkers, including GM. Finally, whether a 
high baseline serum GM value or persistently positive assays supports the use of 
combination antifungal therapy, as carefully suggested in a recent study, remains to 
be determined [72]. The kinetics of BDG have been less vigorously studied, but 
preliminary data shows that prolonged persistence of BDG can occur despite reso-
lution of the fungal infection.

8.6	 �Conclusion

Patients at risk for IFD constitute a heterogenous group and are frequently subjected 
to preventative strategies. Hence, different approaches may need to be used in dif-
ferent patient groups to maximize diagnostic accuracy. Understanding test perfor-
mance in specific patient populations as well as in different clinical specimens and 
acknowledging the strengths as well as the limitations of testing strategies is imper-
ative to maximize clinical benefit in an economically useful way.
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9Immunotherapy of Invasive Fungal 
Disease

Thomas Lehrnbecher and Darius Armstrong-James

Abstract
Despite the availability of new antifungal compounds, morbidity and mortality 
of invasive fungal disease are still unacceptably high, in particular in immuno-
compromised patients such as patients with hematological malignancies, allo-
geneic hematopoietic stem cell, solid organ transplant recipients, or advanced 
HIV infection. However, our knowledge of the immunopathogenesis of inva-
sive fungal disease has greatly expanded over the last decades, which, in turn, 
provides critical information to augment host immunity against fungal patho-
gens. Potential approaches for enhancing the host immune system in the com-
bat against invasive fungal disease include the administration of effector and 
regulatory cells (e.g., granulocytes, antifungal T cells, natural killer cells, den-
dritic cells) and the administration of recombinant cytokines, antibodies, inter-
ferons, and growth factors (e.g., interferon-γ, granulocyte colony-stimulating 
factor, and granulocyte-macrophage colony-stimulating factor). Although 
promising results are reported on in vitro data and animal studies, the real chal-
lenge in the future is to perform appropriately designed and powered clinical 
trials.
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9.1	 �Introduction

Patients with hematological malignancies, patients undergoing allogeneic hema-
topoietic stem cell transplantation (HSCT) or solid organ transplantation, and 
those with advanced HIV infection are at a particular high risk for invasive fungal 
infection [4, 60]. The majority of these infections are caused by Aspergillus spp 
(mostly due to A. fumigatus, followed by A. flavus, A. niger, and A. versicolor), 
Cryptococcus neoformans, and Candida spp (with an increasing frequency of 
non-albicans Candida spp) [16, 62, 73]. In patients with infections due to non-
Aspergillus molds, mucormycetes, Scedosporium spp, and Fusarium spp are pre-
dominantly seen [115]. Pneumocystis pneumonia is also a significant problem, 
especially in advanced HIV infection [4]. Despite the availability of new classes 
of antifungal compounds, such as broad-spectrum triazoles or echinocandins, the 
mortality of invasive fungal disease is still unacceptably high [24, 28, 58]. The 
poor outcome in these patients is due to a number of factors including delayed 
diagnosis and initiation of appropriate treatment and, more importantly, due to the 
long-lasting and often profound impaired immune response of affected patients 
[58,105].

Over the last decades, not only the understanding of the complex web of immu-
nity and the impairment of the different arms of the immune system by the treat-
ment of malignancy has greatly advanced but also at the same time our knowledge 
on the immunopathogenesis of invasive fungal infections [50, 52, 86, 87]. Since 
the significance of immune reconstitution in order to achieve a favorable outcome 
in invasive fungal infections has been increasingly recognized, there is growing 
interest in the role of immunomodulation as adjunctive treatment in immunocom-
promised patients suffering from aspergillosis, cryptococcosis, candidiasis, and 
mucormycosis. This chapter will highlight the recent development in the field of 
immunotherapy in invasive fungal disease. Although important interactions of the 
different arms of the immune system are well recognized, each arm will sepa-
rately be described.

9.2	 �Adoptive Transfer of Immune Cells

9.2.1	 �Granulocyte Transfusions

In patients suffering from cancer or undergoing HSCT, severe and prolonged 
neutropenia is one of the most important risk factors for invasive fungal disease 
[26, 27, 51]. It has also been demonstrated that the outcome of an infectious 
complication is better in patients in whom neutropenia resolves shortly after the 
onset of infection as compared to those patients with persistent neutropenia 
[14]. In addition, the functional activity of neutrophils in HSCT recipients has 
recently been described as a prognostic factor in invasive aspergillosis [104]. 
Therefore, it is not surprising that the transfusion of granulocytes from healthy 
individuals has been considered since a long time as adjunctive 
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immunotherapeutic option in neutropenic patients who are at high risk for or 
suffer from invasive fungal disease. This interest has been further increased 
when recombinant hematopoietic growth factors such as granulocyte colony-
stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) became available which markedly enhance the yield of leuco-
cytes from healthy donors [2].

Common adverse events reported in up to 20% of granulocyte transfusions 
include fever chills and pulmonary reactions presenting as acute respiratory distress 
syndrome [64, 70, 77, 93, 98]. Unfortunately, current data on the efficacy of granu-
locyte transfusions are conflicting. Three retrospective studies reported on a poten-
tial benefit of granulocyte transfusions in neutropenic patients with severe infectious 
complications including invasive fungal disease [64, 90, 93]. In addition, a system-
atic review which analyzed the role of granulocyte transfusions in 34 patients with 
invasive fusariosis reported that granulocyte transfusions might have contributed to 
high response rates by effectively bridging periods of neutropenia or marrow sup-
pression, whereas the utility in the absence of neutrophil recovery was questionable 
[45]. In contrast, a recent retrospective study reported on a significant worse out-
come of neutropenic patients when they received granulocyte transfusions for 
proven/probable invasive aspergillosis, in particular of those patients with pulmo-
nary infection, as compared to patients who did not receive granulocyte transfusions 
(P = 0.011) [80].

To date, two randomized phase III studies have evaluated granulocyte transfu-
sions in neutropenic cancer patients with febrile neutropenia and infection. One 
study enrolling a total of 74 patients reported that the probability of 28-day sur-
vival after randomization did not significantly differ between both groups with 
84% and 82%, respectively, and no effect of granulocyte transfusions on survival 
until day 100 could be detected in patients with fungal (n  =  55), bacterial, or 
unknown infection (n = 17), even when stratified according to various levels of 
neutropenia (absolute neutrophil count, ANC<500/μl versus ANC>500/μl) [98]. 
The authors attributed the lack of benefit primarily to procedural obstacles, such as 
the long delay from randomization to the first transfusion of granulocytes, the low 
cell content, and the slow sequence of granulocyte transfusion. These problems led 
to a dramatic decrease in the recruitment rate in this study, resulting in the prema-
ture closure.

The Resolving Infection in Neutropenia with Granulocytes (RING) trial was a 
multicenter randomized controlled trial in which patients were randomized to 
receive standard antimicrobial therapy with (n = 56) or without (n = 58) daily granu-
locyte transfusions from donors stimulated with G-CSF and dexamethasone [79]. 
Overall success, defined as survival plus microbial response, was not different 
between the two groups (42% and 43%, respectively; P > 0.99), and success rates 
did not differ within any infection type. However, in a post hoc analysis, subjects 
who received an average dose of ≥0.6 × 109 granulocytes/kg per transfusion tended 
to have a better outcome than those receiving a lower dose. As enrollment was half 
that of planned, the trial reflects again the problems of evaluating granulocyte trans-
fusions in a randomized manner.
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9.2.2	 �Adoptive Transfer of Antifungal T Cells and Dendritic Cells

In addition to innate immunity, the adaptive immune system plays a major role in 
the host response to invasive fungal infections [87]. This complex network includes 
not only different subsets of dendritic cells and T cells but also a multitude of solu-
ble factors, namely, cytokines and interferons (see below). Animal studies demon-
strated that exposure to Aspergillus antigens which induced TH1 lung lymphocytes 
was associated with resistance to invasive Aspergillus infection, whereas protection 
was not observed when mice were exposed to antigens eliciting high-level produc-
tion of IL-4 which suppresses the TH1 response [19, 20]. This corroborates the clini-
cal observation which demonstrated that in patients with invasive aspergillosis, a 
predominant release of interferon (IFN)-γ in culture supernatants on stimulation 
with A. fumigatus antigens, indicating a TH1 response, was associated with a favor-
able outcome, whereas a progressive disease was observed in most patients with a 
predominant TH2 response characterized by low IFN-γ and increased IL-10 levels 
[42]. Further studies in solid organ transplant recipients further demonstrate defects 
in interferon-gamma responses during invasive fungal infection [5, 6].The critical 
function of T cells in the host response to fungal infection is also supported by the 
clinical observation that the median time of invasive aspergillosis after HSCT is 
82 days (range, 3–6,542 days), a time when neutropenia has resolved but adaptive 
immune responses are still hampered [41, 67]. Recent analyses also demonstrated 
that up to 1 year after HSCT, transplant recipients have a significantly lower number 
of functionally active anti-Aspergillus T cells as compared to healthy controls and 
that lymphopenia is associated with a higher risk of death of transplant recipients 
suffering from invasive fungal infections [10, 57].

Based on this knowledge, the selective restoration of antifungal cellular immu-
nity seems to be an attractive strategy in the allogeneic HSCT setting, which has 
already been successfully applied for HSCT recipients suffering from severe viral 
disease [12, 33]. Unfortunately, in contrast to viral disease, only one clinical trial of 
adoptive immunotherapy in patients with invasive aspergillosis has been reported to 
date [76]. Although the study has clear limitations in disease definition and outcome 
description and also has an unusual low incidence of graft-versus-host disease 
(GvHD), it is important to note (1) that no toxicity was induced by the infusion of 
anti-Aspergillus T cells and (2) that galactomannan antigenemia fell within 6 weeks 
of infusion of anti-Aspergillus T cells to normal range in all ten patients, whereas it 
persisted in the 13 controls not receiving anti-Aspergillus immunotherapy for as 
long as monitored. In addition, only one patient received immunotherapy, and 6 out 
of the 13 controls died of Aspergillus pneumonia within 2 weeks of diagnosis.

Based on these promising results, there was an increasing interest in generating 
and characterizing anti-Aspergillus T cells [7, 11, 36, 105, 109]. Due to the rela-
tively low frequency of anti-Aspergillus T cells in the peripheral blood of healthy 
individuals, several approaches to expand sufficient numbers of these cells within 
a reasonable time frame have been investigated [74]. Although the generated T 
cells proliferate upon restimulation, the optimal dose of anti-Aspergillus T cells 
that is required for efficacy has not been established to date. In addition, 
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unresolved questions include the optimal CD4+/CD8+ ratio for the adoptive immu-
notherapeutic product, whether or not TH17 cells should be included, and the opti-
mal antigen target. Notably, the A. fumigatus proteome is rather complex, and it 
has been shown that different proteins elicit different, even opposite, T cell 
responses [8, 68]. In this regard, it has been shown that some cell wall components 
may potentially inhibit the protective T cell response, for example, by inducing a 
TH2 activation [17, 105]. The use of a cellular extract which includes multiple anti-
gens might therefore be problematic, but, on the other hand, might decrease the 
risk of fungal escape from a generated T cell clone. In addition, T cells generated 
with cellular fungal extracts might cross-react with other molds and yeast, although 
this has also been demonstrated for specific peptides [7, 11, 36, 105, 109]. As pro-
tocols for generating human antifungal T cells have not only been established for 
human anti-Aspergillus T cells but also for human anti-Candida T cells and human 
anti-mucormycete T cells, one study used cellular extract of different fungi simul-
taneously to generate multi-specific T cell clones covering a wide variety of medi-
cally important fungi [97, 108, 110]. Another elegant approach of generating 
anti-Aspergillus T cells was recently reported by Kumaresan et al. [47]. The group 
redirected T cells by genetically modifying T cells to express a chimeric antigen 
receptor (CAR) that recognizes the carbohydrate antigens in beta-glucans, by 
incorporating the pattern-recognition properties of dectin-1. This approach might 
offer several important advantages compared to third-party T cells such HLA inde-
pendency, but the production of these cells is costly, complex, and 
time-consuming.

Many in vitro studies demonstrate that the generated antifungal T cells are 
functionally active, have a strong TH1 cytokine response upon reactivation, and 
increase the antifungal activity of other cells such as of phagocytes [7, 11, 36, 
105, 109]. Importantly, the concomitant use of antifungals does not seem to 
impair the functional activity of the generated cells, whereas commonly used 
immunosuppressants impair T cell proliferation and /or the production of impor-
tant molecules such as IFN-γ, which has to be considered for the clinical applica-
tion [111, 112].

A potential, but important risk of the immunotherapeutic approach using T cells 
is the induction of GvHD, which may be caused by the transfer of even a small 
number of alloreactive T cells. However, in vitro data suggest that the alloreactive 
potential of the generated antifungal T cells is lower compared to nonselected and 
unspecific T cells [11, 109], and these data are further supported by clinical data on 
both virus-specific and antifungal T cells [25, 76].

It has been demonstrated in a murine allogeneic transplant model that dendritic 
cells stimulated ex  vivo with conidia of Aspergillus or transfected with conidial 
RNA-activated, antigen-specific, IFN-γ-producing T lymphocytes in  vitro and 
in vivo [18]. Importantly, the efficacy of the infusion of dendritic cells in protecting 
the transplanted mice from invasive aspergillosis was superior to that obtained by 
the adoptive transfer of Aspergillus-specific T cells. Despite these promising data 
and the fact that clinical trials have evaluated dendritic cells to induce antitumor 
immune responses in cancer patients for a number of years [66], there are no clinical 
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data on the immunotherapeutic use of these cells in patients at high risk or suffering 
from invasive fungal disease.

9.2.3	 �Natural Killer (NK) Cells

NK cells represent between 5% and 10% of lymphocytes in the peripheral blood 
and have the ability to kill tumor cells in vitro, including acute lymphoblastic and 
myeloid leukemia [39]. Based on these observations, clinical trials are currently 
being performed which demonstrate that NK cells can safely be transferred to trans-
plant recipients [101, 106]. Importantly, adoptive immunotherapy with NK cells is 
not associated with an increased risk of GvHD, which is in contrast to the infusion 
of antifungal T cells. In addition to the ability to kill tumor cells, NK eliminate 
virus-infected cells, have antibacterial effects, and are active against a wide variety 
of fungi including Aspergillus spp, Candida spp, and mucormycetes [94, 95, 100, 
113]. Whereas hyphae and germlings of A. fumigatus and R. oryzae are damaged by 
both freshly isolated and IL-2 prestimulated human NK cells, conidia are not 
affected by NK cell populations [15, 95, 96]. This might be due, at least in part, to 
the fact that conidia of fungi are often protected by cell wall components, melanin 
pigments, and hydrophobic layers, which are also known to prevent recognition by 
immune cells [1, 21]. In vitro data clearly indicate that perforin plays an important 
role in the killing of fungi. In addition, as NK cells produce IFN-γ, NK cells exhibit 
antifungal activity indirectly via other cells (e.g., via granulocytes).

Animal studies support the important role of NK cells in the host defense against 
Aspergillus spp [63, 75]. For example, in neutropenic mice suffering from pulmo-
nary aspergillosis, the depletion of NK cells by antibodies or reducing the recruit-
ment of NK cells to the lungs resulted in a markedly reduced clearance of the 
pathogen from the lungs and an increase in mortality. Unfortunately, data on the 
antifungal activity of NK cells in the clinical setting are lacking. Nevertheless, 
recipients of unrelated donor HSCT from donors with an activating KIR genotype 
have a decreased infection rate [107]. In addition, NK cell counts were significantly 
lower in HSCT recipients with proven/probable aspergillosis than in HSCT recipi-
ents not suffering from fungal disease [104]. These data make NK cells an interest-
ing tool in the antifungal immunotherapy in HSCT patients at high risk or suffering 
from invasive fungal disease.

9.3	 �Hematopoietic Growth Factors, Cytokines, 
and Interferons

Both cytotoxic chemotherapy and HSCT may impair the production of as well as 
the cellular response to cytokines and interferons [50, 52]. These soluble molecules 
form a complex web of communication molecules in innate and adaptive immune 
responses, inducing the proliferation, differentiation, and activation or suppression 
of different target cells. It is important to note that specific cytokines can produce 
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apparently opposing effects, depending on dose and timing of their participation in 
the immune response. For example, the use of interleukin (IL)-4 during the early 
stage of infection aggravates the clinical course of candidiasis, whereas neutraliza-
tion of endogenous IL-4 in the late stage of infection exacerbates an otherwise self-
limited infection [86]. This chapter will focus only on the hematopoietic growth 
factors G-CSF and GM-CSF and on IFN-γ which have been evaluated in the clinical 
setting of invasive fungal disease, although other cytokines such tumor-necrosis-
factor (TNF)-α, IL-12 or IL-18 are potential candidates for antifungal 
immunotherapy.

9.3.1	 �Hematopoietic Growth Factors

G-CSF and GM-CSF stimulate the production and activation of professional phago-
cytes, which play a central role in the antifungal host response. In contrast to G-CSF, 
the activity of GM-CSF in stimulating the production and enhancing phagocytosis, 
superoxide generation, and fungicidal activity against A. fumigatus is not restricted 
to neutrophils, since it also involves monocytes and eosinophils [49, 82–84]. It is 
important to note that GM-CSF also restores the steroid-induced loss of antifungal 
activity in bronchoalveolar macrophages, which form the second line of defense 
against inhaled Aspergillus conidia [23]. In immunocompromised mice, prophylac-
tic G-CSF provides significant protection against aspergillosis, and the use of 
G-CSF improves survival in systemic or pulmonary aspergillosis [40, 78, 99].

Multiple trials evaluated G-CSF and GM-CSF in patients receiving therapy for 
cancer or undergoing HSCT, but it has to be noted that most of the studies were 
designed to analyze outcomes other than the incidence and the outcome of invasive 
fungal infection, such as indirect measurements of infectious complications (e.g., 
days of neutropenia, days of fever, hospital days, duration of antibiotic therapy, and 
overall financial cost of hospitalization) [49, 53]. However, the limited clinical data 
support the use of G-CSF in neutropenic patients with invasive aspergillosis, and 
therefore, a level B III recommendation has been given in the 2008 practical guide-
lines of the Infectious Diseases Society of America (IDSA) for the treatment of 
invasive aspergillosis in neutropenic patients who are not already receiving a 
colony-stimulating factor [32, 114]. In a prospective study, the addition of G-CSF to 
amphotericin B has been shown to be cost effective compared with amphotericin B 
monotherapy in managing a presumed deep-seated fungal infection in neutropenic 
patients [34].

The concern of severe side effects such as capillary leak syndrome might explain 
the restricted use of GM-CSF by many physicians in patients with invasive fungal 
disease [9, 13, 89, 92]. However, a recent randomized trial in 208 allogeneic HSCT 
recipients reported that, compared with G-CSF, prophylactic GM-CSF was associ-
ated with lower 100-day transplantation-related mortality, lower 100-day cumula-
tive mortality, and lower 600-day fungal disease-related mortality [116]. Although 
the antifungal treatment responses were similar among the groups, responses were 
better in the GM-CSF group than in the G-CSF from day 22 to day 100 (P = 0.009).
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9.3.2	 �Interferon-γ

IFN-γ is one of the signature cytokines of a protective TH1 cell response, but it also 
plays an important role in NK cell activity and enhances the antifungal activity of 
neutrophils and macrophages, alone and in combination with G-CSF or GM-CSF 
[38, 82, 85]. In an animal model, the administration of IFN-γ to mice with invasive 
aspergillosis resulted in reduced fungal burden and increased survival [65, 102].

On the basis of a randomized trial which demonstrated a benefit of IFN-γ in 
patients with chronic granulomatous disease, recombinant IFN-γ was approved for 
this patient population for prophylaxis of invasive fungal disease by the US Food 
and Drug Administration [43]. Significantly less data of IFN-γ are available in can-
cer and transplant patients. In a single-center report, refractory fungal infections in 
four neutropenic patients responded to IFN-γ [31]. Similarly, a benefit of IFN-γ was 
reported in a limited number of patients suffering from Candida infection, aspergil-
losis or fusariosis [30, 54]. Further case series in organ transplant recipients also 
suggested the benefit of immunodiagnostic-driven adjunctive IFN-γ therapy [5, 6]. 
A retrospective analysis of 32 patients, most of them HSCT recipients, demon-
strated that the adjunctive administration of IFN-γ is safe [91]. Fever was the most 
common side effect, and importantly, IFN-γ did not precipitate or exacerbate acute 
or chronic GVHD [91]. Based on these data, a level B III recommendation has been 
given in the 2008 IDSA guidelines which suggests a role for IFN-γ as adjunctive 
immunotherapy for invasive aspergillosis in immunocompromised patients [114]. 
Recombinant IFN-γ has also been explored in the context of HIV-associated cryp-
tococcal meningitis. A randomized controlled phase II study was performed on the 
basis of initial encouraging studies in the 1990s [44]. The study demonstrated a 
significant increase in cerebrospinal fluid (CSF) clearance of Cryptococcus neofor-
mans with just two doses. An open-label prospective case series further demon-
strated beneficial immunological restoration in the context of candidemia [30].

9.4	 �Antibodies

Therapy of a malignancy may result in B cell depletion and hypogammaglobu-
linemia, which are associated with an increased risk for infection [44, 50, 52, 71]. 
Whereas passive administration of antibodies to B cell-deficient mice infected with 
C. albicans or with A. fumigatus increased the fungal clearance [59], clinical data 
on immunoglobulin therapy are conflicting. An early trial demonstrated that 
administration of immunoglobulins significantly reduced the incidence of invasive 
fungal infections in liver transplant patients [103], whereas in 45 HSCT recipients, 
high-dose immunoglobulin therapy during the first 3 months after transplantation 
did not significantly decrease fungal infections as compared to 53 controls (9% 
versus 6%) [46].

Advances in the technology used to produce therapeutic antibodies resulted in a 
number of protective monoclonal antibodies (mAbs) for various fungi such as A. 
fumigatus, C. albicans, C. neoformans, and Histoplasma capsulatum [22, 55, 61, 69]. 
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In Candida infection, there was a great interest in the human recombinant anti-hsp90 
monoclonal antibody (Efungumab, Mycograb®, NeuTec Pharma/Novartis). This 
antibody significantly reduced the mean organ colony count in mice infected with 
fluconazole-resistant C. albicans. [56]. A double-blind, randomized study evaluated 
the use of this antibody in patients with Candida infection and found that significantly 
less patients receiving lipid-associated amphotericin B plus a 5-day course of the anti-
body died due to the infection as compared to controls receiving amphotericin B plus 
placebo (18% versus 4%; P = 0.025) [72]. However, due to safety concerns such as 
the potential induction of a cytokine release syndrome associated with fever and 
hypotension and the fact that it turned out that the potentiating effect of amphotericin 
B by the antibody was a nonspecific protein effect [81], the antibody did not receive 
regulatory approval, and further clinical investigation was stopped.

The administration of antibodies that bind to cryptococcal polysaccharide which 
has multiple immunosuppressive effects has also been studied extensively in vitro 
and in animal models [3]. The immunomodulatory effects of mAbs appear to be 
exerted in a complex and pleiotropic manner through enhancement of opsonization 
and phagocytosis, direct inhibition of fungal cell growth, and, importantly, modula-
tion of cytokine production and inflammation. Animal studies have demonstrated 
that the administration of antibodies directed against C. neoformans capsular poly-
saccharide to infected mice not only reduced the tissue fungal burden but also pro-
longed survival [3]. However, to date, only a phase I dose-escalation study of the 
murine-derived anti-cryptococcal antibody 18B7 has been performed in HIV-
infected individuals, and data on the efficacy are still lacking [48].

As compared to pathogens such as C. neoformans or C. albicans, significantly 
less data are available for Aspergillus spp. Promising results were reported from 
in vitro and animal studies on the monoclonal anti-Aspergillus antibody MAb A9 
[22]. The antibody exerted in vitro cidal effect against A. fumigatus reduced the 
fungal burden in kidney tissues of mice suffering from invasive aspergillosis and 
enhanced mean survival times. Interestingly, a recent study demonstrated that anti-
bodies generated against streptococci exhibit protection in mice infected with A. 
fumigatus [117]. However, to date, there are no clinical data of the use of mAbs in 
patients with aspergillosis.

The protein pentraxin 3 (PTX3) is released by a variety of cell types in response 
to inflammatory cytokines and binds to selected microbial agents, such as conidia of 
A. fumigatus. This soluble pattern-recognition receptor has a nonredundant role in 
antifungal immunity by activating several effector pathways [35]. As susceptibility 
of PTX3-deficient mice to A. fumigatus was associated with failure to mount an 
adaptive type 1 immune response that could be restored by the exogenous supply of 
PTX3 [35], the protein was investigated in an animal model as adjunctive treatment 
in experimental aspergillosis [37]. The study demonstrated that mice treated with 
PTX3 after HSCT were completely resistant to infection with A. fumigatus, and the 
protective effect of PTX3 was similar or superior to that observed with amphoteri-
cin B. Although it has recently been shown that genetic deficiency of PTX3 may 
contribute to the risk of invasive aspergillosis in patients undergoing HSCT, clinical 
studies using PTX3 have not been performed to date [26].
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9.5	 �Other Molecular Approaches

Further studies addressed the therapeutic utility of thymosin alpha 1, which enhances 
the maturation of dendritic cells exposed to A. fumigatus [88]. This approach led to 
enhanced TH1 responses in animal models and induction of tolerogenic Treg cells. 
However, this approach has not been studied in the clinical setting. On the basis of 
defective toll-like receptor recognition in phaeohyphomycosis due to Fonsecaea 
pedrosoi in animal models, recent encouraging clinical studies demonstrated the 
utility of adjunctive therapy with the TLR7 agonist imiquimod for chromoblasto-
mycosis [29].

9.6	 �Conclusions

As in vitro data and animal studies have provided us with critical information to 
augment host immunity, there is a growing interest in immunotherapeutic approaches 
in patients at high risk for or suffering from invasive fungal disease. Still, current 
data are too limited to allow solid conclusions on the risk and the benefit of these 
strategies. Many questions such as safety, efficacy, timing of immunotherapeutic 
intervention, dosing, and eligible patients have to be addressed, but can only be 
answered by appropriately designed and powered clinical trials. This will be the real 
challenge in the future, and international, multicenter collaboration is required, but 
might be promising in ultimately improving the outcome in immunocompromised 
patients suffering from invasive fungal disease.
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Abstract
The advances in medicine have achieved great benefits by improving or even 
eliminating various debilitating diseases or malignancies, expanding life expec-
tancy. However, it has also originated the development of a compromised popula-
tion susceptible to opportunistic diseases. A global major concern is the emergence 
and spread of life-threatening invasive infections in immunocompromised 
patients, in which the opportunistic fungal infections have greatly increased in the 
last decades. The high mortality rates associated with these infections, which 
remain as high as 40%, are due to the limited therapeutic options and the emer-
gence of drug-resistant fungi, but also due to the lack of efficient early diagnosis. 
Consequently, these facts led to the opinion that new approaches are needed to 
improve the outcome of these patients, such as immunopreventive strategies that 
could even be combined with standard antifungal treatment. In view of the proven 
effectiveness of various antibacterial and antiviral vaccines in preventing the 
respective diseases, several works have been developed to induce protective 
immunity against fungal infections as well. The better understanding of how the 
immune system works against fungal pathogens has made possible to explore 
immunomodulatory strategies that can protect both immunocompetent and immu-
nocompromised hosts and generate memory. Recently, two fungal vaccines 
against Candida have advanced through clinical trials. However, there are still 
many challenges in the development of an efficient vaccine against invasive fun-
gal infections. We will provide an update on the progress made in immunization 
against fungal infections, reviewing host-fungi interactions, antigens, and adju-
vants exploited in vaccine strategies, and discuss concerns that need to be over-
come to further advance in the area of fungal vaccines.
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10.1	 �Candida and Its Relation with the Host

In healthy individuals, Candida colonization, as part of the normal human micro-
biota, remains generally benign without any symptoms of disease [1, 2]. Tolerance 
of the immune system toward commensal species and maintenance of a homeo-
static balance at the mucosal surfaces reflect a series of strategies such as avoid-
ance of immune recognition, active suppression of the host response, and 
regulation of the immune response by the host, as well as the normal mucosal 
microbiota, confining microbes to this surface [2, 3]. However, when tissue 
homeostasis is disrupted, Candida might penetrate the forbidden compartments 
of host tissues and cells, causing pathologies, ranging from recalcitrant skin/
mucosal infections to life-threatening systemic infections. The deep-seated or 
the disseminated infections have increased in frequency particularly in patients 
with medical conditions and treatments that affect natural barriers of the body or 
negatively impact the competence of the immune system. Such treatments 
include the use of broad-spectrum antibiotics, prosthetic devices and grafts, burn 
injuries, or surgery, and medical conditions refer to patients with leukemia, neu-
tropenia, or under chemo and immunosuppressive therapies and patients with 
HIV infection [4]. The current methods to protect susceptible individuals from 
these opportunistic infections include prophylactic use of antifungal agents or 
protective environments such as rooms with controlled air flow. Although it is 
accepted that early, presumptive treatment of patients with invasive candidiasis 
is a major determinant of survival, such strategies have not been validated by 
prospective studies [5].

In intensive care units (ICU), Candida spp. colonization may occur in up to 
80% of critically ill patients, but curiously, the proportion of invasive candi-
diasis is less than 10% [6, 7]. Therefore, the immune system is important for 
the maintenance of integrity at the mucosal surface, and, even in an immuno-
compromised state, Candida species remain in the benign commensal state 
rather than in the invasive pathogenic one. Indeed, some studies suggest that 
C. albicans may evolve to avoid confrontation with the host, favoring com-
mensalism [8, 9]. How the immune system distinguishes these dual behaviors, 
commensal vs pathogenic, is a fundamental question in the development of 
immune-preventive strategies against commensal species and particularly 
Candida species.

The development of new immunotherapies, including vaccines, is driven by 
the progress made in the understanding of the molecular pathogenic mechanisms 
of the infectious agent. Understanding how mucosal homeostasis is established, 
maintained, or disrupted during fungal exposure and/or colonization should help 
to guide the development of new immunotherapies. Knowledge about the immune 
response against Candida infections has greatly increased in this last decade, 
with new data and reviews emerging frequently [10–16]. Thus, a brief review to 
the immune responses to Candida developed at the mucosa surface will be 
presented.
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10.1.1	 �Within the Mucosal Layers: Interaction of Candida albicans 
with the Epithelium

The mucosal epithelium is a critical barrier and the frontline of sensing microbes. 
Due to its commensal nature, the initial interaction of Candida with the human 
immune system is frequently via epithelial cells of the mucosa [17, 18]. There are 
multiple ways to contain C. albicans in the mucosa, such as the microbial flora or 
the active role of epithelial cells that produce antimicrobial peptides [15]. In addi-
tion, epithelial cells secrete mucins that establish a protective film, forming a dense 
lattice close to the epithelial surface in which secreted antimicrobial molecules are 
embedded [19]. Curiously, it has been described that in the gastric mucosa, this 
mucin film is organized into two layers, an inner layer (50 μm thick) that is densely 
packed, firmly attached to the epithelium, and devoid of microbes, in contrast to the 
outer layer (100 μm thick) that is movable, has an expanded volume due to proteo-
lytic cleavages of the mucins, and is colonized by microbes [20]. Recently, it was 
described that mucin induces an oval-shaped morphology in C. albicans in which 
genes related to adhesion, filamentation, and biofilm formation are downregulated 
[21] and that mucin has an inherent direct candidacidal activity [22]. Mucosal epi-
thelial cells express innate immune receptors or pattern-recognition receptors 
(PRRs) that recognize microbe-associated molecular patterns (MAMPs), allowing 
the immune system to detect attachment of microbes and act accordingly. However, 
the PRR that mediates recognition of fungi in epithelial cells are still largely 
unknown or undefined. The major known PRRs involved in the recognition of 
Candida cells were identified in the phagocytic cells and include the Toll-like recep-
tors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and RIG-
I-like receptors (RLRs) [15]. Among the 13 TLRs discovered, expression of TLR1 
through TLR9 has been identified in human intestinal epithelial cells (IECs) [23], 
but its expression varies in different organisms and different mucosal surfaces (oral, 
vaginal, or gastric) [17]. In addition, TLR2 and TLR4 that are important for host 
anti-Candida defenses [14, 24] have demonstrated hyporesponsiveness to their 
ligands in human IECs [23]. Furthermore, using a model of oral reconstituted 
human epithelium (RHE) TLR2, and particularly TLR4, seems to be highly respon-
sive to Candida MAMPs [25]. Expression of CLR in epithelial cells seems to be 
restricted to dectins. Human IECs express functional Dectin-1 that recognizes fun-
gal β-glucans [26], and bronchial epithelial cells also express Dectin-1, which plays 
an important role in the control of Aspergillus fumigatus infections [27]. As a result 
of the long coevolution of fungi, and particularly C. albicans with mucosal surfaces 
having particular environments, the cross talk between fungi in the different muco-
sal surfaces has evolved in multiple ways under the double constraints of sensing 
microbes and adjusting the immune response to the perceived degree of threat while 
maintaining homeostasis at the mucosa.

Fungal cells differ from animal cells primarily due to the cell wall that surrounds 
their plasma membrane. The Candida cell wall structure has two distinct layers, an 
outer layer mainly composed of mannan and mannoproteins (O- and N-linked 
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glycoproteins) and an inner layer that contains the skeletal polysaccharides chitin, 
β-1,3-glucan, and β-1,6-glucan, which confer strength and shape to the yeast cells 
[28]. These cell wall molecules, which are absent from the human body, are the 
major source of MAMPs for recognition by host PRRs. However, much of these 
molecules are expressed in both the commensal state and in the pathogenic state. 
Recently it was suggested that the pathogenic state may be recognized by “patterns 
of pathogenesis” or POP rather than only by microbial molecular structures [29]. In 
this hypothesis, MAMPs are delivered along with additional information that can be 
used by the host to distinguish pathogenic from nonpathogenic state and thereby 
guide the ensuing innate immune response. During such pathogenic behaviors, 
MAMPs access forbidden compartments of host tissues and cells, being recognized 
by PRRs as genuine pathogen-associated molecular patterns (PAMPs), and elicit an 
appropriate immune response. This POP hypothesis does not define a pathogen but 
a pathogenic behavior that can be adopted by any microbe. This allows a particular 
microbe to be considered a commensal or a pathogen, depending on time and con-
text. Its pathogenicity is determined by its interaction with the host and can change 
with host, location in the host, and the immune state of the host [3]. The cross talk 
between Candida albicans and the immune system can also be integrated into this 
hypothesis. It is well established that Candida show different behaviors, the patho-
genic (invasive) and the nonpathogenic (commensal) [1, 15, 30], but favoring com-
mensalism [8, 9].

One sign of POP that has been defined is the microbial overgrowth in their host 
[3]. Epithelial cells are able to actively monitor the density of resident microbiota by 
sampling microbial molecules through PRRs [23]. It is of particular significance 
that mucosal epithelial cells are able to discriminate between the commensal and 
the pathogenic behavior of C. albicans cells, and there are several ways to control 
yeast overgrowth [11, 31, 32]. The majority of the epithelial TLRs and Dectin-1 
signal through MyD88 adaptor, leading to a transcriptional response primarily 
dependent on the transcription factor NF-κB [15, 23]. In commensalism the pres-
ence of C. albicans yeast or hyphae triggers the NF-κB signaling pathway and an 
early response of the mitogen-activated protein kinase (MAPK) activation through 
ERK1/2 and JNK signaling. At the mucosal surfaces, this response leads to the 
secretion of IL-22, by innate and adaptive immune cells, that stimulates the prolif-
eration of epithelial cells and, together with IL-17, the production of antimicrobial 
peptides, controlling fungal growth and tissue homeostasis [12, 31]. However, when 
C. albicans outgrows and a high fungal hyphal burden is present, the threshold level 
of the MAPK activation is reached and a second pathway, the MAPK/MKP-1/c-
Fos, is activated [31]. Activation of this second response results in the production of 
proinflammatory cytokines, such as interleukin 1α/β (IL-1α/β), IL-6, GM-CSF, 
TNF-α and chemokines, RANTES, IL-8, and CCL20 that induce the recruitment, 
differentiation, and activation of various immune cells, including phagocytes [11, 
31]. This immune activation results in reduction of fungal burdens back down below 
the threshold level of activation and thus to the commensal state. One additional 
way to modulate C. albicans population density is through quorum sensing, in 
which molecules produced during continuous C. albicans growth act as inhibitors 
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of the yeast-to-hypha transition [1, 33], and both morphological forms are known to 
be required for virulence [34]. Curiously, the recently described non-lytic expulsion 
of internalized hyphal Candida cells by macrophage after phagocytosis benefits not 
only the immune cells, avoiding their own lysis, but also the fungus as it escapes 
from intracellular death [35]. This suggests that reestablishment of homeostasis 
does not implicate the complete elimination of the fungus, but rather reduction of its 
burden to the commensal state. Thus, at the mucosal surface, there is a constant 
cross talk between C. albicans and host mucosal immune system in order to keep 
the fungal burden below a certain threshold and maintain homeostasis [31].

Another POP behavior is cytosolic invasion, as many pathogens deliver active 
proteins, or virulence factors to access forbidden compartments of host tissues [3]. 
When perturbations at the mucosa surface occur, such as the composition of the 
competitive commensal bacteria that may result from antibiotic use, or when the 
immune system becomes severely weakened by factors such as HIV infection, che-
motherapy, or chirurgic interventions, the proper restriction of C. albicans may fail 
as well as the capacity to control its overgrowth, predisposing individuals to Candida 
invasion. If containment at the mucosa is breached, the yeast proliferates and pen-
etrates forbidden compartments of the host tissues. Candida albicans has the ability 
to invade host epithelial cells by two routes: via active penetration and via induced 
endocytosis [36, 37]. The active penetration is exclusively a fungal attribute and 
includes the physical pressure applied by the advancing hyphal growth in combina-
tion with the secretion of extracellular hydrolases like proteases, phospholipases, 
and lipases [15, 38]. The induced endocytosis is the passive uptake of C. albicans 
cells through yeast surface proteins Als3p and Hgc1p by the E-cadherin receptor in 
host epithelial cells [38].

As stated above, the epithelial cells actively monitor resident microbes by sam-
pling microbial molecules and channels that transport microbial cell wall compo-
nents into epithelial cells [23]. To aid in the consequent epithelial response, several 
PRRs are intracellular and cytoplasmic and are involved in pathogen recognition, 
antigen processing and presentation, production of antimicrobial β-defensins, and 
activation of the inflammasomes. The inflammasome is a multiprotein complex that 
triggers the posttranslational activation of caspase-1 that in turn cleaves and acti-
vates the secretion of a variety of substrates, including pro-interleukin-1β and pro-
interleukin-18, leading to an inflammatory response [15]. These PRR receptors are 
not exposed to pathogens unless they get into the cells, when invading mucosa, like 
TLR3 and TLR9 that recognize fungi nucleic acids or NOD2 that recognize fungal 
chitin [39, 40]. It has also been reported that this activation may induce the mainte-
nance of a minimal level of “physiological inflammation” by activating NOD pro-
teins in the cytoplasm of gut epithelial and immune cells. Curiously, recognition of 
fungal chitin by NOD2, together with TLR9 and the mannose receptor, is essential 
for the selective secretion of the anti-inflammatory cytokine IL-10 by phagocytic 
cells [41]. This exerts a collaborative control in which TLR signaling is required for 
the transcription of pro-IL-1β and pro-IL-18, and the posttranslational inflamma-
some response is then required for subsequent cleavage and secretion of the active 
cytokine. This dual control may be an important regulatory mechanism to limit 
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inappropriate or unnecessary production of cytokines that trigger potent responses 
that may be potentially damaging to the host, particularly concerning commensal 
organisms. Thus, the immune system can initiate responses based not only on 
whether PAMPs are present but also on where those PAMPs are presented, allowing 
the epithelium to adjust the response to the perceived degree of threat and return to 
the homeostatic state once the pathogen has been controlled.

10.1.2	 �Beyond the Mucosal Layers: Overview of the Immune 
Response Against Candida Infections

At the mucosal epithelium, Candida may assume a fully pathogenic behavior, 
invading deeper tissues, gaining access to the bloodstream and causing invasive 
infections [11, 12]. One of the causes of this drastic rupture of homeostasis is a too 
weak immune system. The life-threatening opportunistic Candida infections occur 
particularly in immunocompromised patients in which the immune forces that nor-
mally contain C. albicans and establish equilibrium are at risk of being 
overwhelmed.

The host immune system responds with the innate immune attack as the imme-
diately acting primary line of defense against fungi penetration. Recognition of 
fungal-associated PAMPs will lead to the initiation of a host defense that is manda-
tory to limit fungal burden in order to clear the invading fungus from non-autho-
rized sites [11, 15]. The cell populations that orchestrate this initial response 
include the phagocytic cells: neutrophils, macrophages, and dendritic cells (DCs) 
[10, 13, 15].

Macrophages are considered the first line of defense since they are distributed in 
various tissues as resident cells. Macrophages exhibit a considerable phenotypic 
diversity and functional plasticity that confer them the ability to efficiently respond 
to stimuli. The fungal cell wall is a dynamic structure that is continuously changing 
throughout the fungus cell cycle and during morphological transition. During tissue 
invasion, macrophages readily ingest the round yeast form of C. albicans as well as 
the relatively short filaments. The development of hyphae triggers the recognition of 
cell wall β-glucans via the Dectin-1/inflammasome pathway. Engagement of 
Dectin-1 induces not only direct macrophage activation and internalization of the 
fungus but it also has a synergistic effect on TLR2 and TLR4 responses, via NF-κB 
activation, leading to IL-1β production and T-helper cell 17 (Th17 cell) activation 
[32, 42, 43]. However, upon hyphal growth, C. albicans is able to shield β-glucans 
with surface mannans as a mechanism to evade cellular phagocytosis [18]. Thus, 
other PAMPs, such as mannans and mannoproteins, are also recognized by several 
CLRs, including mannose receptor, Dectin-2, dendritic cell DC-SIGN, and MINCLE 
[14, 44]. Dectin-2, mainly expressed on dendritic cells, macrophages, and neutro-
phils, recognizes Candida α-mannan and, together with Dectin-3, has been reported 
to form heterodimers, mediating Candida uptake by the phagocyte and leading to 
proinflammatory responses during C. albicans infection, also via NF-κB activation 
[10, 45].
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In consequence of the inflammatory response, neutrophils migrate to the site of 
infection, and after the recognition of Candida cells, they can directly kill the yeast 
cells and inhibit their growth and the yeast-to-hyphal transition, limiting in this way 
the progression of fungus [46]. The importance of these phagocytes is highlighted 
by the observation that the depletion of mononuclear phagocytes results in acceler-
ated fungal proliferation in tissues and increased mortality [47] and that neutropenic 
patients or patients with impaired neutrophil function are more susceptible to sys-
temic fungal infections [46]. Phagocytic clearance of C. albicans involves the accu-
mulation of phagocytes at the site where the yeast cells are located and engulfment 
and killing of fungal cells after the recognition of cell-surface fungal PAMPs [48]. 
These innate immune cells damage or kill C. albicans cells by using a combination 
of oxidative and non-oxidative mechanisms that includes the production of antimi-
crobial peptides and degradative enzymes and the generation of antimicrobial reac-
tive oxygen species (ROS)/nitric oxide synthase (iNOS) [49, 50]. Human neutrophils 
and macrophages express constitutively chitotriosidase (CHIT-1), an enzyme that 
promotes digestion of fungal cell wall chitin and whose expression increases sig-
nificantly during the end/late phase of infection [41]. Curiously, low concentrations 
of small chitin particles have been shown to induce IL-10 secretion, via NOD2 and 
TLR9 signaling [41]. This mechanism has been proposed to contribute to the reso-
lution of the infection when the pathogen has been defeated by the immune system, 
promoting the attenuation of inflammatory-mediated diseases and consequent 
immune homeostasis.

The innate immune system not only specifically recognizes diverse microorgan-
isms but also initiates and modulates the subsequent adaptive responses that are 
delivered by T cells and B cells through their interactions with antigen-presenting 
cells. Phagocytic DCs play an essential role in the activation of adaptive immune 
responses, being one of the most efficient antigen-presenting cells (APCs). DCs are 
important for processing and presenting fungal antigens, but, due to the dual nature 
of C. albicans, their reaction to this fungus must be flexible in order to shape T-cell 
responses accordingly. Th1 responses involving proinflammatory cytokines, such as 
IFN-γ and TNF-α, were considered protective against fungal infections, whereas 
Th2 responses, with the secretion of IL-4 and IL-10, were believed to enhance host 
susceptibility [16]. However, with the identification of Th17 response, involving 
proinflammatory cytokines IL-17 and IL-22, this is now considered a major path-
way for protection against fungal infections [12]. These cytokines induce neutrophil 
recruitment and activation, as well as the activation of epithelial cells and release of 
antifungal β-defensins, being important at the mucosal surface. The importance of 
Th17 in anti-Candida response was confirmed by the identification of functionally 
specific Th17 clones that respond to C. albicans by releasing IL-17 and IFN-γ, but 
not IL-10 [51]. Indeed, patients with defects in Th17 immunity have been directly 
linked to increased susceptibility to chronic mucocutaneous candidiasis (CMC) 
[52]. After recognition of Candida, the plasticity of DCs is reflected into distinct 
signaling pathways that are translated into different in  vivo adaptive immune 
responses [53]. Inflammatory DCs initiate antifungal Th17/Th2 cell responses to 
yeast through signaling pathways that involve adaptor MyD88, whereas tolerogenic 
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DCs activate Th1/Treg (T regulatory) cell responses to hypha through TRIF adaptor 
[16, 53].

The balance between proinflammatory and anti-inflammatory signals is essential 
for successful host/pathogen interaction in fungal infections in which Treg cells 
play a critical role [53]. Treg cells, essentially via production of IL-10, are able to 
inhibit components of innate and adaptive immunity in order to regulate the host’s 
immune defense to an adequate level, a protective response without total elimina-
tion of the fungus and preventing an exacerbated level of tissue damage [16, 53]. 
However, overly potent Treg suppression can inhibit protective immunity, favoring 
the pathogen. Nevertheless, since Treg cells control the quality and magnitude of 
innate and adaptive effector responses, the outcomes may range from protective 
tolerance to overt immunosuppression, determining the balance between commen-
salism and pathogenicity. At the mucosa, a local anti-inflammatory/tolerogenic 
response through secretion of IL-10 and TGF-β would allow for the fungus persis-
tence, whereas beyond the mucosa, an appropriate inflammatory immune response 
is necessary to eliminate the fungus and return to a homeostasis state.

The role of Th17 responses in systemic fungal infection is somehow controver-
sial since, on one hand, it is described that IL-17RA−/− and IL-17A−/− mice have 
elevated susceptibility to disseminated candidiasis [54, 55] and IL-17A mediates 
vaccine-induced protection in mice [56]. On the other hand, humans with mutations 
in the IL-17 pathway typically do not develop disseminated disease [55], and candi-
demic patients showed significantly higher levels of IL-17A than patients without 
invasive candidiasis [57]. The idea that elevated Th17 and Treg responses are harm-
ful in disseminated candidiasis seemingly contrasts with the apparent protective 
role of IL-17 in mice. In disseminated candidiasis, it has been reported that C. albi-
cans drives expansion of a complex Treg cell population that by depletion of IL-2 
promotes the development of Th17 responses that are associated with immune 
pathology and with C. albicans survival and dissemination [55], [58].

Th17 and Treg subsets are reciprocally regulated during naïve T-cell differentia-
tion. However, it is clear that IL-17/Th17 and Treg cells have a complex relationship 
and that the outcome of the response to Candida depends on the site of infection in 
which the corresponding microenvironment is able to shape these responses. At the 
intestinal mucosa, high levels of transforming growth factor beta (TGF-β) and reti-
noic acid have been found that together with short-chain fatty acids (SCFAs) from 
commensal microbes, fermentation supports tolerogenic Tregs, favoring C. albi-
cans commensalism. In contrast, internal organs are shielded from the external 
environment, and thus inflammation induced during disseminated C. albicans infec-
tion is more likely to go unchecked, resulting in collateral tissue damage by Th17 
responses [55, 58]. Together, these data underline the importance of the balance 
between proinflammatory and anti-inflammatory responses for both susceptibility 
to acquire invasive candidiasis and ability to clear the infection, once it has 
disseminated.

In addition to the cellular responses, adaptive B cell, by inducing antibody-
mediated memory responses, may neutralize adherence and spread on and/or 
through epithelial and endothelial tissues. The role of antibodies in the defense 
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against candidiasis has been controversial due to the belief that immunocompro-
mised patients, the main targets of opportunistic fungal infections, were unable to 
develop adequate adaptive B-cell response. In addition, due to the fact that Candida 
are commensal organisms, natural anti-Candida antibodies may be present in the 
serum of normal individuals, but no correlation with these antibodies and protection 
to a subsequent infection has been observed.

There is now substantial evidence for the important role of antibody-mediated 
immunity in clearance of infectious agents, including host resistance to systemic 
candidiasis. Regarding the class of immunoglobulins, it has been proposed that IgM 
titers against intracellular proteins that are not localized to the cell wall would be 
higher in patients with systemic candidiasis than in controls, which suggests that 
these antigens might be less visible to the humoral immune system during commen-
sal growth [59]. However, regarding the subclass, a recent study evaluated how the 
IgG subclass of an anti-Candida antibody influences its biological functions, using 
the mouse model [60]. Four IgG subclass variants of the human antimannan anti-
body, Mg1, M1g2, M1g3, and M1g4, equivalent to IgG1, IgG2, IgG3, and IgG4, 
were constructed and evaluated. They found that the four IgG subclasses differ in 
protection against hematogenously disseminated candidiasis in mice, with IgG1, 
IgG3, and IgG4 being more effective than IgG2. This difference has been attributed 
to the lower capacity of IgG2 to mediate FcγR-dependent phagocytic clearance. All 
variants promoted deposition of both murine and human complement C3 onto the 
yeast cell surface; however, IgG4 was less potent in activating the complement sys-
tem. The fact that IgG4 was less potent in activating the complement system but 
induced similar levels of protection than IgG1 and IgG3 and was even more protec-
tive than IgG2 suggests that the role of the complement system in mediating protec-
tion may not be that determinant. Indeed, in a murine model of cryptococcosis, it 
was found that complement-nonactivating human IgG2- or IgG4-mouse chimeric 
antibodies are protective, while complement-activating human IgG1- or IgG3-
mouse chimeric antibodies are nonprotective [61].

The study of the immunoglobulins present in the serum of human subjects with-
out signs of infection in comparison with patients with proven systemic candidiasis 
has also contributed to the identification of proteins that could be specifically recog-
nized in each situation. The antibodies identified specifically in subjects without 
infection were considered as natural anti-Candida antibodies and are believed to 
arise from the commensal relation with the host. Some of the natural anti-Candida 
antibodies identified Candida, Eno1p, Pgk1p, Adh1p, and Pdc11p, are abundant 
metabolic enzymes present in the yeast cell wall [62]. However, only antibodies 
against Pgk1p and Adh1p seem to differentiate patients with systemic candidiasis 
from noninfected subjects. Antibodies against glyceraldehyde-3-phosphate dehy-
drogenase (Gap1p), phosphoglycerate kinase (Pgk1p), phosphoglycerate mutase 
(Gpm1p), enolase (Eno1p), pyruvate kinase (Cdc19p), aconitase (Aco1p), methio-
nine synthase (Met6p), hyphal wall protein (Hwp1), and mannan, among others, 
have been identified specifically in patients with systemic candidiasis. However, 
conditions that make the molecular targets available to the immune system to induce 
antibodies differ according to many variables, including the morphology changes of 
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the pathogens, the competence of the immune system at the entry port, the composi-
tion of the commensals and their similarity of epitopes, and the history of antimicro-
bial treatments that have different modes of action, among others. All these 
mechanisms contribute to expose antigenic molecules to the immune system, and 
some treatments will increase/alter exposure of certain antigenic molecules. This 
may be one of the reasons why it has been so difficult to identify antibodies/anti-
genic molecules that would be useful for immunoglobulin-based prophylactics and 
therapeutics. Nevertheless, Mycograb (NeuTec Pharma), a human recombinant 
antibody anti-Hsp90p, was found to be therapeutically effective in combination 
with amphotericin B in patients with systemic candidiasis in a randomized, blinded, 
multicenter trial [63].

These studies evidence that the role of antibody-mediated resistance to fungal 
infections is important and may be exploited as new therapeutic approaches; how-
ever, the isotypes that could be more effective in a response that involves antibodies 
must be carefully chosen to mimicking the host’s natural protective antibody and 
balance between its disease-causing effects, as exacerbated complement activation, 
and its effects on clearance of microbes.

Intense investigation of immunological mechanisms involved in fungal infec-
tions means that we are closer to understanding the processes involved in the iden-
tification and clearance of pathogens from the human body and in establishing 
immune memory to respond to future exposure. The ideal vaccine would initiate an 
innate immune response capable of directing the adaptive immune response toward 
efficient inactivation and removal of the specific pathogen from non-allowed sites, 
followed by the development of adequate immune memory. In the next section, an 
update of the studies toward the development of vaccination strategies will be 
presented.

10.2	 �Induction of Immunity in Experimental Models

10.2.1	 �Concerns About the Development of Preventive 
Strategies

The increasing incidence and severity of invasive fungal infections coupled with 
diagnostic difficulties and high cost of treatments prompted the investigation on 
vaccination [64]. However, for years the development of fungal vaccines has 
lagged behind that of vaccines against bacteria and viruses because of the idea that 
most patients who develop life-threatening fungal infections have profound defects 
in their immune systems and are unable to respond to vaccination. Indeed invasive 
Candida infections often take place in hospital settings; however, it is has been 
estimated that only 10–20% of patients who develop bloodstream infection from 
Candida are seriously immunocompromised. The large majority develop the infec-
tion after patient’s normal bacterial flora is disrupted by antibiotics or when their 
skin or gut mucosa are breached by burns, central venous catheters, or surgery [4, 
5, 65]. Furthermore, several studies confirmed the immunogenicity and efficacy of 
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vaccines in seriously immunocompromised patients, such as those with active leu-
kemia, HIV infections, or cancer patients [66–68]. Thus, immunocompromised 
patients are able to respond to vaccination, and vaccination has been recommended 
to patients with HIV and cancer despite their weakened immune systems [69–71]. 
It has been assumed that acutely ill hospitalized patients whose primary host 
defense defect is anatomical will also respond to vaccination [65]. In the case of 
Candida systemic infections, the various medical procedures that are identified as 
risk factors, such as exposure to broad-spectrum antibiotics, central venous cathe-
ters, or major surgery, are perfectly recognized, opening a window of opportunity 
to vaccinate at-risk patients even before the onset of infection [72–74]. In addition, 
prevention of infectious disease in the elderly has become a priority in the twenty-
first century as the proportion of older individuals increases globally. Fungal infec-
tions due to Candida, Aspergillus, and Cryptococcus are known to be more frequent 
in the extreme of the ages, children and elder patients.

Consistent with Benjamin Franklin’s dictum “an ounce of prevention is worth a 
pound of cure,” preventive therapies against invasive candidiasis may reduce the 
severity of these infections. A vaccine that could prevent or improve the outcome of 
fungal infections would not only benefit the at-risk patients but also be of major 
benefit for national healthcare systems by reducing hospital costs.

10.2.2	 �Evidences from Systemic Candidiasis in the Human Host

Several studies were undertaken to identify Candida albicans immunogenic pro-
teins specifically recognized by antibodies produced during the natural course of 
systemic Candida infection and that could be exploited for vaccine development or 
even as useful biomarkers for diagnosis. One of the earliest studies evaluated, by 
immunoblotting, 201 sequential serum samples from 45 patients with systemic can-
didiasis in which 13 were involved in an outbreak at London Hospital [75]. This 
study showed a high heterogeneity in antibody response but was able to identify an 
antibody against a 47-kD antigen present in all patients that recovered from the 
systemic infection. Later, the 47-kD antigen was identified as a breakdown product 
of heat-shock protein (Hsp) 90 from C. albicans. The presence of antibodies against 
a 47-kD antigen in serum of other patients with systemic candidemia with a favor-
able outcome has also been identified by other independent studies. Serum from 
these patients passively transferred to mice infected with a lethal dose of C. albicans 
was able to induce protection, and a monoclonal antibody raised against a synthe-
sized conserved epitope (LKVIRK) of Hsp90p reduced mice mortality when given 
24 h before an i.v. challenge [76]. This antibody seems to protect through neutral-
ization of the protein-binding activity of Candida circulating Hsp90p or by inhibi-
tion of Candida growth [77]. However, an epitope mapping analysis indicated that 
antibodies reacting to epitopes of this protein showed 100% direct homology with 
comparable sites on human Hsp90p, raising the concern of development of autoim-
mune reactions. These studies showed that patients who recover from systemic can-
didiasis may produce autoantibodies against self-epitopes.
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More recently another study used a highly sensitive proteomic approach to iden-
tify potential candidate markers for diagnosis and follow-up of systemic candidiasis 
[62]. This study identified immunoreactive protein species that were present in 
patients with proven candidemia and also in patients with no apparent Candida 
infection. In patients with invasive candidiasis, the authors were able to unambigu-
ously identify 42 different C. albicans protein targets of the human immune 
response. The abundance of housekeeping enzymes, most of them (65%) metabolic 
enzymes, was discussed, as among other possibilities, being part of a universal sig-
nal for infection. Since these are ubiquitous and highly conserved enzymes, their 
epitopes can be shared by several infectious agents and allow the development of a 
natural resistance to infection. The identifications of these proteins by the immune 
system may be considered as part of the “patterns of pathogenesis” response. 
Among the metabolic enzymes that are also present on the C. albicans cell surface, 
antibodies against glyceraldehyde-3-phosphate dehydrogenase (Gap1p), phospho-
glycerate kinase (Pgk1p), phosphoglycerate mutase (Gpm1p), enolase (Eno1p), 
pyruvate kinase (Cdc19p), aconitase (Aco1p), and methionine synthase (Met6p) 
had already been identified in human serum previously. Several other proteins, 
including Hxk2p (hexokinase) and Pgi1p and 6-phosphofructokinase, were identi-
fied as antigens of the immune system for the first time in this study. Curiously, 
antibodies against C. albicans proteins Eno1p, Fba1p, Tkl1p, Ino1p, Met6p, Sah1p, 
Ilv5p, Ade17p, and Qcr2p increased in response to antifungal treatment, indicating 
that their exposure to the immune system increased with the antifungal treatment. 
From this survey, 14% of the identified targets were chaperons and heat-shock pro-
teins, including Ssa1p and Ssb1p identified in previous studies as antigens and 
Ssc1p and Sse1p newly identified as antigens in this study. Curiously, the 47-kDa 
fragments of Hsp90p identified previously [75] were not identified in this analysis, 
only the 82-kDa fragment of the same protein. The C. albicans elongation factor 1 
(Eft1p) and Eft2p, known to be located in the cell wall and proposed as potential 
antigens for vaccine development, were also found in this study.

The protein targets identified in the serum of subjects with no infection were 
considered as targets of natural anti-Candida antibodies. These natural antibodies 
identified Candida Eno1p, Pgk1p, Adh1p, and Pdc11p, which corresponded to 
abundant glycolytic and fermentative enzymes. The natural antibodies were consid-
ered to be elicited during commensal colonization by C. albicans or against other 
homologue protein from different commensals or infectious agents that cross-react 
with C. albicans proteins. This study also identified targets that could be correlated 
with recovery from systemic candidiasis in humans, like high serum levels of anti-
Eno1p antibodies, the appearance or maintenance of anti-Hsp90p, anti-Tpi1p, or the 
disappearance of serum anti-Met6p or anti-Pgk1p antibody levels.

Another study measured IgG and IgM titers in the serum of human systemic 
Candida infections against 15 specific recombinant C. albicans antigens [59]. It is 
documented that patients with systemic candidiasis already exhibit significantly 
high IgG titers against a wide range of antigens (ENO1, HWP1, mannan, and 
CGTA) before or at the time that the diagnosis is confirmed by a positive blood 
culture. This study suggests that invasive candidemia may be preceded by low-level 
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systemic exposure to Candida spp., possibly due to “leakage” from mucosal sites of 
colonization.

10.2.3	 �Exploited Protection Strategies Against Candidiasis

10.2.3.1	 �Whole-Cell Vaccines
The need for therapeutic or preventive use of a vaccine in candidiasis, particularly 
in certain groups of at risk patients, is reflected in the huge number of experimental 
investigations designed to attempt induction of protection (Fig. 10.1). The early 
studies trace back to the decade of the 1950s.
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Fig. 10.1  Overview of innate and immune responses to pathogen/adjuvant actions. (a) A sche-
matic of a vaccine formulation with the antigen (that could be live attenuated/low virulent cells, 
killed cells, disrupted cells, ribosomal extracts, cell wall extracts, glycoconjugates, or recombinant 
proteins/peptide) and adjuvant (including aluminum compounds, MF59 Freund’s adjuvants, AS03 
and AS04, virosomes, or liposomes). (b) Vaccine formulation is delivered into the body through 
different route of entry. Some adjuvants presumably form a depot at the site of injection (1), which 
is associated with slow release of antigen. Other adjuvants are associated with secretion of cyto-
kines and chemokines (2), which may induce the recruitment of various immune cells to the injec-
tion site, including APCs (3). (c) APCs express various PRRs on the surface (including TLRs, 
CLRs) and intracellularly (TLRs, NLRs, and RLRs), which enhances antigen uptake (4) and favors 
activation and maturation (5) of APCs. Mature APCs increase the capacity for antigen processing 
and presentation and upregulate the expression of MHC (class I and II) and co-stimulatory (CD80, 
CD86) molecules. (d) Mature APCs then migrate to the draining lymph nodes (6) to interact with 
antigen-specific B or T cell to activate antibody secretion and B cells and/or effector CD8+ T and 
CD4+ T-cell responses (7)
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One of the early documented studies repeatedly immunized rabbits intravenously 
(i.v.) with heat-killed C. albicans prior to infection and then assessed survival, his-
topathology of infected organs, and passive immunization. The authors concluded 
that this immunization did not result in protection and that the anti-Candida anti-
bodies induced by vaccination did not protect the animals [78]. Latter, by using the 
same model but immunizing with heat-killed and heat-weakened Candida, protec-
tion was only observed in rabbits immunized with viable Candida, and histological 
analysis indicated that cellular immunity was important [79]. These observations 
point to the active action of the pathogen in the immunization process. In the murine 
model, low virulent Candida strains, modified in the filamentation capacity and 
stress response, were shown to provide protection against a subsequent intravenous 
systemic Candida infection [80–82]. The efficacy of these strategies reached 100% 
for all strains at least in one evaluated condition. Other study, using the mouse 
model, also observed the importance of fungal pathogenicity on priming of mice 
with Candida [83]. Naïve BALB/c mice were intraperitoneally (i.p.) primed with a 
low inoculum of Candida yeast cells that were heat-killed, deliberately attenuated, 
or in its pathogenic native form. One month later, mice were infected with the 
pathogenic strains, and only the mice primed with the pathogenic native form were 
able to clear the infection. Live-attenuated pathogens or in its pathogenic native 
form have been shown to be especially immunostimulatory when used as vaccines. 
This may be explained by the hypothesis that the immune system also responds to 
POP and suggest why killed strains failed to elicit protection [29]. However, due to 
the complexity of antigens and the inexistence of generalizable procedure for how 
best to attenuate pathogens for their use as vaccines, attenuated strains challenge 
safety requirements. However, changing to a subcutaneous (s.c.) immunization with 
a Candida sonicate, Mourad and Friedman [84] were able to protect 50% of mice, 
obtaining the best result in comparison with viable or killed C. albicans cells. In 
addition, they observed that transferring passively anti-Candida serum to naïve 
mice conferred them protection against a subsequent systemic candidiasis [84]. 
After these results, subcellular antigens have been further exploited as candidates 
for augmenting host defense and vaccine development against candidiasis.

10.2.3.2	 �Ribosomal Vaccines
Ribosomal subcellular vaccines derived from both prokaryotic and eukaryotic 
pathogens were widely exploited as protectors and afforded high levels of protec-
tion at small dose levels, being the duration of the immunity they provided greater 
than the ones obtained with previous antigens used. Thus, ribosomal fractions were 
also used to try to induce protection against candidemia. Studies documented that it 
was possible to induce protection by immunization with C. albicans ribosomes, not 
only against heterologous C. albicans strains, with 30–78% of survival, but also 
cross protection against C. tropicalis isolates, with 57–64% of survival rate from a 
systemically administered lethal infection [85]. Ribosomal vaccine was also 
exploited in experimentally induced cell-mediated immunocompromised mice, 
resulting in a survival rate that reached 76% [86]. This vaccine was also exploited 
in tumor-bearing mice, and although the survival rate did not change, it was able to 
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expand the median survival time [87]. These results showed that vaccination of 
immunocompromised and tumor-bearing hosts with Candida ribosome could pro-
vide enhanced resistance to disseminated candidiasis. These works encouraged the 
continuing studies in immunization against candidiasis and revealed the immunoge-
nicity of subcellular components and the role of antibodies in the protection. A 
variety of cell constituents, routes of administration, and protocols have been tested, 
and despite the degree of variability in the results observed, induction of protection 
was considered possible. However, due to the complexity of the antigen that would 
probably include mRNA, rRNA, and ribosomal proteins, newly synthesized poly-
peptides along with other cell components from the extraction procedure, the iden-
tification of the moiety to fully describe the protective immunity mechanism was 
difficult, and other more defined antigens have been exploited.

10.2.3.3	 �Cell Wall Component Vaccines
Fungal cell wall constituents are excellent candidates for vaccine development since 
the cell wall is a unique microbial feature with an important role in antigen presen-
tation and immunomodulation [28]. Candida albicans cell wall is composed mainly 
of carbohydrates (80–90%), such as mannans, β-glucans, and chitin, while proteins 
and lipids are a minority. β-glucans and chitin are located at the innermost layer of 
the cell wall, providing structural rigidity and strength, while mannans are abundant 
in the outer layer. Purified polysaccharide vaccines are poorly immunogenic and 
largely ineffective, due to the inability of the polysaccharide to induce T-cell 
responses. Thus, in glycan-based vaccines, it is common to conjugate the polysac-
charide to a carrier molecule such as the tetanus or diphtheria bacterial toxoid [88], 
which are accepted for human use, or to peptides derived from the infectious agent 
of interest [89]. Nevertheless, glycopeptides may still be poorly immunogenic, and 
adjuvant has been also included, like the complete Freund’s adjuvant [89]. Previous 
studies have shown that the major cell wall components that elicit a host immune 
system response are proteins and mannoproteins, in which both the carbohydrate 
and protein moieties are important [89, 90]. Candida surface mannans were used 
either alone or encapsulated [91] or even conjugated with protein to induce protec-
tion against experimental disseminated candidiasis [92]. The formulations of man-
nans conjugated with BSA showed high levels of protection with 100% survival in 
a disseminated murine model. This study also suggested that di- and trisaccharides 
of mannans were more efficient than tetra-, penta-, or hexasaccharides in inducing 
protective antibodies. In order to avoid the controversy of results that might be influ-
enced by the distinct methods of mannan extraction, the new approaches developed 
fully synthetic mannan conjugated vaccines. In this view, a synthetic trisaccharide 
mannan-tetanus toxoid conjugated vaccine was used in experimental immunization 
protocol that was designed to simulate the clinical situation in which vaccination 
can be performed before a patient becomes immunocompromised by treatment with 
immunosuppressive drugs to induce leukopenia [93]. Although no survival rate was 
quantified in this study, this conjugate vaccine achieved a statistically significant 
reduction of fungal burden in the kidney and liver of immunized rabbits, when com-
pared to controls, and this was attributed to the high titer of specific IgG antibody 
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capable of opsonizing the surface of C. albicans cells. This model indicated that 
even in leukocytopenic animals, a previous vaccination is able to induce resistance 
against disseminated candidiasis.

Xin and collaborators [89] selected C. albicans cell-surface proteins previously 
identified as inducers of antibodies during human candidiasis [62] to conjugate with 
β-mannan. The selected proteins were fructose-bisphosphate aldolase (Fba), 
methyltetrahydropteroyltriglutamate (Met6), hyphal wall protein-1 (Hwp1), 
glyceraldehyde-3-phosphate dehydrogenase (Gap1), and phosphoglycerate kinase 
(Pgk1). By using an antigen-pulsed DC-based vaccine strategy, immunization with 
β-(Man)3-Hwp1, β-(Man)3-Fba, or β-(Man)3-Met6 conjugates showed 80–100% 
survival rate, while with β-(Man)3-Enol or β-(Man)3-Gap1, the survival rate was 
40% or 80%, respectively. Curiously, in this study β-(Man)3-Pgk1 slightly enhanced 
disease. The β-(Man)3-Fba conjugate vaccine, which induced the highest protec-
tion, showed similar results against disseminated candidiasis in two different mouse 
strains, BALB/c and C57BL/6 mice. However, the immunization protocol utilizing 
dendritic cells is cost prohibitive. Thus, β-(Man)3-Fba has been exploited in a sub-
cutaneous immunization protocol using different adjuvants. After several approaches 
using of β-(Man)3-Fba with alum or MPL (lipid A, monophosphoryl) with no sig-
nificant protection, the use of tetanus toxoid was able to restore protection previ-
ously observed and even protect 100% outbred mice [94].

The protective responses against Candida mannan components appeared to be 
mainly by induction of protective antibodies specific against the fungal peptide epi-
topes and the conjugated polysaccharides, which enabled the production of anti-
polysaccharide IgG antibodies in vivo. The switch from IgM to IgG, the activation 
of the complement system, and the rapid deposition of high amounts of factor C3b 
onto the yeast cell wall are mechanisms that contribute to inhibit Candida growth 
in vitro [89, 94, 95]. These results substantiate the role of antibody in protection 
against systemic candidiasis in the animal model, evidenced by high survival rates 
and reduced organ fungal burden.

Although mannoproteins are the major components of the cell wall in eliciting 
immune responses, β-glucans were also exploited. However, due to their poor 
immunogenicity, β-glucans must be also conjugated with other molecules. The 
brown alga Laminaria digitata β-1,3-glucans, the laminarin, has been exploited as 
immunizing antigen conjugated with the diphtheria toxoid, and results showed it 
was protective against both mucosal and systemic candidiases in mice, with a pro-
tective rate around 70% [88]. Remarkably, this laminarin vaccine strategy conferred 
cross protection to mice lethally challenged with the major fungal pathogens C. 
albicans, Aspergillus fumigatus, and Cryptococcus neoformans [96]. The bacterial 
calreticulin (Crt) protein is functionally similar to heat-shock proteins, and one of 
the main characteristics of this HSP family is that they possess a potent immunos-
timulatory activity. This characteristic was exploited as an effective carrier or adju-
vant for β-glucans in assisting the production of glycotope-specific IgG antibodies 
in healthy as well as in immunocompromised mice. Laminarin conjugated with a 
peptide from calreticulin (LAM-CRT) induced proliferation of B lymphocytes and 
production of specific laminarin and β-1,3-glucans IgG1 antibodies, even in 
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athymic (T-cell-deficient) nude mice [97]. Vaccination with LAM-CRT protected 
mice against systemic C. albicans challenge with a survival rate around 60%.

10.2.3.4	 �Vaccines for Neutralizing Virulence Factors
The previous approaches of vaccination were mainly based on the stimulation of the 
immune system with whole microbes or with constitutive microbial epitopes pres-
ent at the surface of the infectious organism. However, the most effective human 
vaccines, which prevent tetanus and diphtheria, are directed against the bacterial 
toxins rather than against the structural epitopes. Thus, another approach in the 
development of immunoprotective therapies against fungal infections is the devel-
opment of strategies that focused on the neutralization of virulence factors, either 
present in the cell wall or secreted that should be produced by microorganisms in 
their pathogenic form [83]. Virulence factors include proteins involved in the adhe-
sion to and invasion of host tissues, secreted lytic enzymes, the morphogenetic 
yeast-to-hyphae switching, the maintenance of cellular integrity, or the avoidance of 
the host immune response.

In this view, vaccines based on the adhesins Als1p and Als3p were exploited. 
Als1p allows binding of C. albicans to human vascular endothelial cells, and Als3p 
is a hypha-specific surface protein that also mediates attachment to epithelial and 
endothelial cells. In addition, Als3p is one of the adhesion molecules that is respon-
sible for the binding to host cell receptors, such as E-cadherin, and induce passive 
endocytose of C. albicans by host epithelial cells [38]. Intraperitoneal immuniza-
tion of BALB/c mice with a recombinant N-terminal peptide of Als1p (rAls1p-N) 
induced modest protection against invasive candidiasis, protecting 25% of the 
infected mice [98]. However, when a subcutaneous route of infection was tested, the 
protection rate was much higher, around 50–57% of immunocompetent mice sur-
vive the lethal infection [99]. This vaccination regime was also applied to neutrope-
nic mice that were challenged with a ten-time lower inoculum, with and overall 
survival of 88% versus 38% of the controls, as well as in a mucosal oropharyngeal 
candidiasis model, with results showing a clear reduction on invasive tongue lesions. 
The recombinant N-terminal peptide of Als3p (rAls3p-N) was also exploited and 
compared with rAls1p-N [100]. Results indicated that rAls3p-N is as effective as 
rAls1p-N against disseminated candidiasis, with similar survival rates, around 
40–50%, but was more effective than rAls1p-N against oropharyngeal or vaginal 
candidiasis. This high effectiveness in mucosal models may be due to the fact that 
Als3p mediated superior adhesion to epithelial cells than Als1p.

These data showed promising results, and rAls3p-N stands out as a candidate for 
further development of an anti-candidal vaccine. However, these vaccines used 
Freund’s adjuvant to enhance immunogenicity, which is not allowed for human use. 
In order to switch to an adjuvant approved for human use, these vaccines were 
tested with alum (Alhydrogel), but the efficacy was lower than with Freund’s adju-
vant even using a higher dose of the recombinant proteins. The survival rate using 
Freund’s adjuvant ranged from 100% to 50% using 20 μg of rAls1p-N, while with 
Alhydrogel diluted in phosphate-buffered saline (PBS) was of only 10% using 
100 μg of rAls1p-N [101]. Regarding rAls3p-N, the protection of around 40–50% 
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with Freund’s adjuvant shifted to around 35% with 300  μg of antigen with 
Alhydrogel [102]. Interestingly, Als3p is structurally similar to the Staphylococcus 
aureus surface clumping factor (ClfA) that is also involved in adhesion, so these 
authors also tested for a cross-reactivity of rAls3p-N vaccine against S. aureus 
infection in mice. Results showed that vaccination with rAls3p-N in Alhydrogel 
improved the survival of mice subsequently infected with multiple clinical isolates 
of S. aureus (40–70% of survival rate) [103]. Although rAls1p-N and rAls3p-N vac-
cines induced broader antibody-based responses, antibody titers did not signifi-
cantly correlate with survival in both recombinant peptides. Thus, the protective 
mechanism of these recombinant peptides was not correlated with protective anti-
bodies but was associated to enhancing cell-mediated immunity. In concordance 
with these observations, B-cell-deficient mice showed the same pattern of resis-
tance, while in T-cell deficient (nude), the protection against systemic candidiasis 
previously observed was abolished.

More recently, the efficacy of rAls3p-N vaccine with alum as adjuvant in protect-
ing against vulvovaginal candidiasis was evaluated in a murine VVC model [56]. In 
this model, rAls3p-N induced a strong immune humoral response with high anti-
rAls3p-N serum IgG and vaginal IgA titers. In addition, ex vivo killing of opsonized 
C. albicans by neutrophils was correlated with significant decrease in vaginal fun-
gal burden both in inbred and outbred mice infected with different clinical C. albi-
cans isolates. As in previous studies, the role of B and T cells in vaccine-mediated 
protection was evaluated in B-cell-deficient and nude mice, respectively, showing 
that contrary to the systemic model, rAls3p-N efficacy in the VVC model requires 
both B and T cells.

Other virulence factors that were thought to be neutralized were the secreted 
aspartyl proteinases (SAPs), an enzyme family with ten members, from Sap1p to 
Sap10p. While Sap1p and Sap8p are secreted and released to the surrounding 
medium, Sap9p and Sap10p remain bound to the cell surface [2]. These enzymes 
are involved in the degradation of mucous substrates and defensive factors, promot-
ing Candida damage to epithelial and endothelial cells and helping the fungal cells 
to elude the host immune response. One of the early studies presented results of 
immunization against a secreted unidentified 43,000-MW protein, named p43, that 
resulted in the complete neutralization of its immunomodulatory effects and was 
very efficient in protecting mice, i. e., no CFUs were observed in the kidney of vac-
cinated mice in comparison with the controls [104]. The mechanism of protection 
involved the production of protective specific antibodies against p43 evaluated by 
passive administration. In latter studies, the same authors used C. albicans Sap2p, a 
41,000-MW secreted protein that they believed to mediate some of the effects 
observed with p43. However, they concluded that although an immunomodulatory 
role for Sap2p on C. albicans was also observed, it appeared unlikely that p43 activ-
ities previously described were caused by Sap2p alone [105]. Nevertheless, this 
study assessed the potential of an intradermal (i.d.) vaccination with 10 μg Sap2p 
inoculum incorporated in alum adjuvant in preventing systemic candidiasis in 
BALB/c mice. After a lethal inoculum of C. albicans, an effective protection was 
obtained in Sap2p-immunized mice with a survival rate of around 75%. The immune 
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protection against systemic candidiasis in mice immunized with Sap2p is antibody 
mediated as indicated by the correlation of survival with an increase in serum anti-
bodies to Sap2p and by the passive transfer of anti-Sap2 IgG that significantly 
decreased yeast burden in the kidneys of C. albicans-infected mice.

Meanwhile, intravaginal (i.v.g.) and intranasal (i.n.) immunizations with a Sap 
preparation, mainly consisting of Sap2p, showed that neutralization of these secreted 
proteins could also be effective in conferring protection against vaginal candidiasis 
in the rat model. An inoculum of 100 μg of Sap with cholera toxin as adjuvant 
induced a high degree of protection against vaginal challenge with C. albicans. This 
study showed that the i.n. route is as efficient as the i.v.g. in inducing protection 
against mucosal candidiasis, and it is recognized that i.n. route is much more easy 
to subject compliance to self-administration [106]. In order to specify the antigen to 
propose a candidate vaccine against mucosal candidiasis, a recombinant and trun-
cated Sap2 protein (rSap2t) was produced, and the immunization with this recombi-
nant protein induced antibody-mediated protection against Candida infection in an 
experimental model of rat vaginitis, confirming the previous results [107].

Hyr1p is an important virulence factor for C. albicans, a mannoprotein on the 
cell wall implicated in the resistance to phagocyte killing, and another approach to 
induce protection used this protein [108]. Mice were immunized with a recombi-
nant fragment (rHyr1p-N) in complete Freund’s adjuvant or in Alhydrogel and 
then infected with C. albicans. The results showed that vaccination with rHyr1p-N 
mixed with both adjuvants markedly improved survival in a range of 60% or 70%. 
The mechanism of resistance included the action of polyclonal antibodies specific 
to anti-rHyr1p that enhanced mouse neutrophil killing activity evidenced by the 
lower organ fungal burden [108]. In order to expand these findings to both immu-
nocompetent and neutropenic mice and to evaluate if this vaccination strategy also 
protects against non-albicans Candida spp., immunizations with rHyr1p-N in 
alum were tested. Results showed a dose-dependent improved survival rates in 
immunocompetent mice compared to mice receiving adjuvant alone, with the best 
results observed with 33 μg of rHyr1p-N in alum (survival rate of around 40%). 
Vaccination with the highest dose also reduced the tissue fungal burden by approx-
imately 16-fold when compared to control mice. This vaccine effectively protected 
neutropenic mice against candidiasis (survival rate of around 20%) and signifi-
cantly increased the mouse immune response as determined by detection of 
increased anti-rHyr1p-N antibody titers and reduced CFUs in the kidneys. The 
rHyr1p-N vaccine also induced a significant reduction of tissue fungal burden of 
vaccinated mice and then infected with C. glabrata, C. parapsilosis, and C. tropi-
calis. The mechanism of protection rendered by rHyr1p-N appears to be attributed, 
at least in part, to protective antibody response as evidenced by the results obtained 
with passive immunization with purified rabbit anti-Hyr1p IgG prolonged survival 
of mice infected with C. albicans.

Evidence has accumulated that antibodies specific for certain yeast cell-surface 
epitopes may be protective and, thus, screens for antibodies against those epitopes 
expressed during pathogenesis in human disseminated candidiasis have been per-
formed [59]. From these studies, some of the antigens responsible for the induction 
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of antibodies identified during the convalescent phase or that could be correlated 
with higher probability of recovery were tested. Anti-wall enolase antibodies stand 
out as protective antibody, and thus enolase was tested to evaluate if it would induce 
protection against a systemic infection in the mice model. One hundred micrograms 
of purified recombinant enolase (rEno1p) in complete Freund’s adjuvant were eval-
uated in an immunization protocol, and results indicated to be effective in reducing 
the CFUs of organs of immunized mice [109]. The immune protection appeared to 
be mainly antibody mediated as indicated by the increased titers of enolase-specific 
IgG1 and IgG2a in serum of immunized mice that enhanced opsonization-mediated 
yeast killing by neutrophils. Passive transfer of anti-rEno1p also reduced fungal 
burden of non-immunized infected mice.

Antibodies against heat-shock proteins, particularly anti-Hsp90p, have also been 
detected in sera from patients that recovered from invasive candidiasis in contrast to 
those that did not survived, and consequently Hsp90p, a cell wall protein, has been 
suggested as an important target for protective studies. In addition, Mycograb 
(NeuTec Pharma) a monoclonal antibody binds to the immunodominant epitope of 
C. albicans. Hsp90p has been applied in combined therapies with positive results 
[63]. Two strategies have been exploited, an Hsp90-expressing DNA vaccine and a 
recombinant Hsp90 protein vaccine [110, 111]. However, and although particularly 
the recombinant protein induced significant increases in both serum and vaginal 
hsp90-CA-specific IgG and IgA antibodies when compared to the control group, 
these vaccination approaches did not elicit sufficient protection.

In sum, the best protective effects observed to date have been stimulated by 
immunization with viable cells from virulent or avirulent C. albicans strains. Killed 
cells or subcellular components have been moderately successful and even less effi-
cient in subunit vaccines. However, in the last years, the focus on the development 
of fungal vaccines has been placed on subunit vaccines that are easily controlled in 
terms of preparation and composition, enabling a more precise evaluation of their 
mechanism of action and good manufacturing practices. Although expectations for 
these vaccines are high, some authors think that for invasive candidiasis univalent 
vaccines are unlikely to be successful [64]. The reasons for these disbelieve are 
mainly due to the fact that the most effective vaccines developed are against known 
virulence factors with inducing of protective antibodies. One of the main character-
istic features of C. albicans is its extraordinary range of virulence factors that are 
expressed by families of genes. Most of these gene families are composed of at least 
ten different members that in their action facilitate tissue invasion by enabling the 
fungus to escape from, modulate, or even exacerbate host immunity and in most 
situations play redundant roles. Thus, the univalent vaccines confer a considerable 
probability that the fungus can escape from immune responses induced by the vac-
cination strategy by compensatory expression of other virulence traits. Taking into 
account these observations, the use of at least two unrelated virulence-associated 
fungal immunogens was recommended to be present in the vaccine formulation, 
such as the Als3p and the Sap2p.

Other approach to reduce the chances of immune evasion is to go back to the use 
of a more complex immunization antigen. A recent study used dithiothreitol 
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(DTT)-extracted C. albicans cell wall surface proteins (CWSP) as antigens incorpo-
rated into cationic liposomes as adjuvant/delivery system. The cationic surfactant 
dioctadecyldimethylammonium bromide (DODAB) and monoolein, 1-monooleoyl-
rac-glycerol (MO), were used to develop a DODAB:MO lipid-based delivery sys-
tem loaded with CWSP and determined its immunogenicity for the development of 
a vaccine against systemic Candida infection [112]. Results showed that immu-
nized mice displayed strong humoral response, with high levels of IgGs against 
specific cell wall proteins, and restimulated splenocytes derived from immunized 
mice secreted high levels of IFN-γ and IL-17. This vaccine strategy was able to 
protect around 70% of mice [113]. The main advantage of this system is that lipo-
somes, as particulate carriers, entrap and protect the specific protein(s) against deg-
radation, enhancing APC uptake of the liposomes and activation.

Many positive results have been achieved in the last years in the development of 
fungal vaccines. Technological developments have allowed for a rapid expansion 
of the number of general strategies for making new vaccines, and studies will con-
tinue, based on more comprehensive understanding of the immunobiology of 
pathogen, the type and specificity of immune response required for persistent pro-
tection against disease, the attainment of mucosal immunity, and the optimal vac-
cination strategy to achieve protection. From all these studies, several candidate 
vaccines have been proposed, and an important outcome is that the selection of 
antigens and the complexation method of conjugation are critical since it may 
result in the development of potentially useful protective vaccine candidates, or it 
may enhance disease susceptibility. Problems associated with conjugated vaccines 
such as variation in antigen loading, immunogenic linkers, and antigenic carrier 
proteins must be considered. The important point, from the standpoint of antibody-
mediated protection, is that the enormous antigenic complexity of the Candida cell 
should not be expected to reliably induce production of protective antibodies, as 
defined by specificity, titer, isotype, and effector function. Candida albicans anti-
gens that appeared to have potential immunoprotective responses seem to be pro-
tein or glycoprotein components that play their structural/physiological role 
outside the plasma membrane, belonging to the cell wall, or that are secreted to the 
exocellular environment.

In recent years, advancement of vaccines has focused on improving immune 
adjuvant and the use of novel vaccine carriers. Some of these particulate carriers 
also show adjuvant properties. Herein, we will present the adjuvant carriers that are 
used in commercial vaccines and the carriers that are being used in the development 
of fungal vaccines.

10.2.4	 �Licensed Adjuvant Carriers

The main goal of vaccination is the induction of a protective immunity against a 
particular disease, and in some subunit vaccines, this can only be achieved by addi-
tion of an adjuvant or adjuvant combinations. Subunit, highly purified antigens may 
lack PAMPs needed to activate the innate immune system and downstream adaptive 
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responses. It is thought that the use of adjuvants (Latin word adjuvare, meaning “to 
help or aid”) may help to overcome this first step on the innate immune response 
[114]. Thus, the choice of adjuvant/s is important since it can direct the type of 
adaptive immune response to the administered antigen, preferentially activating 
specific T-cell responses. Adjuvants may also improve immune responses in popu-
lations where responses to vaccines are typically reduced, such as infants, the 
elderly, and the immunocompromised, which is the more vulnerable population for 
acquiring fungal infections.

Although adjuvants are important components of the vaccine strategy, their 
mechanisms of action only recently are being revealed [115]. Latest evidence sug-
gest that adjuvants may have one or more of the following mechanisms of action: 
(1) depot effect (sustained release of antigen at the site of injection), (2) secretion of 
cytokines and chemokines, (3) cellular recruitment at the site of injection, (4) 
increase antigen uptake and presentation to APCs, (5) upregulation of MHC II and 
co-stimulatory molecules, (6) migration to the draining lymph nodes, and (7) modu-
lation of the immune adoptive responses (Fig. 10.1) [115]. The most widely recog-
nized vaccine adjuvants are aluminum-based mineral salts, emulsions, virosomes, 
and liposomes, which are also considered delivery systems.

The most well-known adjuvants in vaccination strategies are aluminum-based 
mineral salts, also known as alum. Aluminum salts consist of crystalline nanopar-
ticles that aggregate to form a heterogeneous dispersion of particles of several 
microns. They are highly charged and conducive, which allows the binding between 
the antigens or immunomodulatory molecules to alum due to strong electrostatic 
interactions [116, 117]. Regardless the progress in understanding aluminum salts, 
its mode of action is still poorly understood. It is described that in the peritoneal 
cavity of mice, alum induces recruitment of immune cells through induction of 
chemoattractants like CCL2 the neutrophil chemotaxin KC (CXCL1) and eosino-
phil chemotaxin eotaxin (CCL11) [118]. Eosinophils appear to have a crucial role 
in priming and differentiation of B cells, resulting in robust antibody production 
and Th2-type immune responses [119]. However, there is evidence suggesting that 
injection of alum leads to tissue damage and cell death with the release of endog-
enous danger signals and inflammasome activation, which leads to the release of 
IL-1β and IL-18, in a caspase-1-dependent manner [120]. There are some conflict-
ing results with regard to the role of inflammasomes in adjuvant activity of alum, 
but the most recent idea is that inflammasome activation by alum might play an 
important role in activating innate immunity, but the contribution of inflamma-
somes in the activation of adaptive immunity remains unclear [119]. Aluminum 
adjuvants act primarily to increase antibody production and are therefore suitable 
for vaccines targeting pathogens in which the antibodies mediated killing is impor-
tant and therefore may not be suitable for vaccine strategies where a strong cellular 
immunity is essential.

An emulsion is a mixture of two nonmiscible liquids and an emulsifier that is 
required to stabilize the emulsion by increasing its kinetic stability. Depending on 
the water-to-oil ratio, the type of emulsifier, and the mixing procedure, a water-in-
oil (W/O) or an oil-in-water (O/W) emulsion may be produced [121]. The MF59 
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was the first oil-in-water adjuvant to be developed and approved for use in human 
vaccines, and it is the second most frequently used in licensed vaccines after 
alum. It is composed by squalene, polysorbate 80, and sorbitan trioleate. Similar 
to alum, MF59 also induces the release of the chemokines such as CCL2, CCL3, 
CCL4, and CXCL8, which are involved in cell recruitment from blood into periph-
eral tissue. MF59 also accelerates and enhances monocyte differentiation into 
DCs, augments Ag uptake, and facilitates migration of DCs into tissue-draining 
lymph nodes to prime adaptive immune responses [122]. MF59 does not seem to 
be correlated with enhanced antibodies titers, and it seems to induce balanced 
Th1/Th2 responses [115].

Freund’s adjuvants were the earlier used emulsion adjuvants. Freund’s complete 
adjuvant (FCA) is a mixture of 85% mineral oil (Marco 52) and 15% emulsifier 
(Arlacel A, mannide monooleate) prepared with 500 μg/ml of heat-killed and dried 
Mycobacterium tuberculosis. Incomplete Freund’s adjuvant (IFA) lacks the myco-
bacterial component, making it safer but less potent. However, Freund’s adjuvants 
were considered too reactogenic for continued use in humans [123].

More recently two new emulsions, adjuvant systems 03 (AS03) and 04 (AS04), 
were developed. AS03 is composed of squalene, α-tocopherol, and polysorbate 80, 
while adjuvant AS04 is composed of monophosphoryl lipid A preparation (MPL) 
and aluminum salt. AS04 was shown to induce optimal immune responses only 
when co-localized with antigen, providing a depot effect [124]. The depot effect at 
the injection site is the most widely recognized mechanism of action of adjuvants. 
This slow release of antigens ensures constant stimulation of the immune system 
and has been correlated with production of high antibody titers. Recent evidence 
indicates that this is not the main mechanism of action of alum or MF59. AS04 was 
also found to induce maturation of DCs (via TLR4), which then trafficks to the 
draining lymph nodes to activate antigen-specific T cells [124]. AS03 was found to 
upregulate cytokines, such as colony-stimulating factor 3 (CSF3) and IL-6 and che-
mokines as CCL2, CCL3, and CCL5, which then leads to cellular recruitment at the 
injection. The mononuclear cells after taking up antigen traffick to draining lymph 
nodes [125]. These data suggest that the direct effects of AS04 and AS03 adjuvants 
are on innate immune cells and effectors, activating of APCs and trafficking to 
draining lymph node, and also inducing secretion of cytokines and chemokines. It 
is described that these effects will enhance antibody responses and Th1 responses 
[115, 124, 125].

Virosomes are spherical unilamellar vesicles of phospholipid carrying envelope 
virus proteins on their surface or encapsulated within the lumen [126]. Influenza 
virosomes have been used in the first vaccine to use an adjuvant other than alumi-
num, a vaccine against hepatitis A licensed in 1994 [126]. Influenza virosome 
ensures robust and long-lasting immune responses against subunit antigens with an 
excellent safety profile. The adjuvant effect of virosomes is once more related to 
their ability to enhance antigen processing and presentation by APCs. Through 
fusion of the virosome membrane with the membrane of endosomes or phagosomes, 
the encapsulated protein antigens gain direct access to the MHC class I presentation 
pathway [127]. In addition, virosomes can also deliver their contents to DCs and 
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MHC class I and class II molecules and induce maturation of DCs, being able to 
activate T-helper cells [128]. This phenomenon of presentation of antigen located in 
the MHC class II pathway to MHC class I pathway is called “cross presentation” 
and helps the development of both T-helper and T cytotoxic responses, against the 
antigen [129]. This cross presentation has been considered a major focus to the suc-
cess of producing an effective immune response to a vaccine, particularly against 
intracellular parasites. The cytokine profile induced by virosomes, including TNF-
α, GM-CSF, IFN-γ, and IL-2, is consistent with a Th1 response.

Liposomes are double or multilayered, biodegradable carrier vesicles made up of 
phospholipids and/or synthetic lipids that consist of a lipid bilayer shell with an 
aqueous core. Liposomal formulations can be tailored in terms of the lipid composi-
tion, the liposomal charge, the size/lamellarity, and/or the membrane fluidity in 
order to obtain optimal retention of different types of antigens, including adjuvants, 
and enhancement of the desired vaccine-specific immune responses [130]. The con-
jugation of hydrophilic molecules in the surface of liposomes is also possible and 
further facilitates the uptake by phagocytes [131]. In addition, liposomes are highly 
acceptable by the human body and present low toxicity. From these characteristics, 
liposomes are, without any doubt, the most studied carrier system, and the interest 
for liposome-based vaccines has markedly increased over the last decades.

The lipids selected for liposomal system will ultimately determine their proper-
ties and ability of inducing maturation of DCs, which is important to achieve an 
optimized vaccine carrier. The particle size governs cellular trafficking to secondary 
lymph nodes, antigen uptake, and cellular responses, and it has been described that 
small particles (20–200 nm) drain freely toward lymph nodes, while large particles 
(500, 1,000 nm) are dependent on DCs for transport to the lymph nodes [132]. The 
selection of the type of lipids also determines liposomal membrane fluidity, which 
is linked to cellular trafficking and antigen presentation to APCs. It has been deter-
mined that rigid, saturated dimethyl dioctadecyl ammonium (DDA) lipid greatly 
enhances priming ability of Th1-directed immune response, compared with a fluid 
unsaturated lipid [133]. The surface charge of the liposome, the zeta potential value, 
is also determined by their lipid composition and dictates the colloidal stability of 
the formulation. The surface charge of liposomes has a major importance in the 
immune response, with cationic liposomes having an advantage over their neutral 
and anionic counterparts [131]. Indeed, the high surface density of positive charges 
offers an important platform for antigen adsorption due to electrostatic interactions. 
Moreover, the interaction between the positively charged liposomes and the nega-
tively charged membranes of APCs facilitates liposome uptake, increasing the vac-
cine potency without the need to increase the concentration of antigen [134]. In 
addition, the depot effect at the site of injection has also been described for the 
cationic adjuvant formulation (CAF) 01, a combination of DDA/TDB (trehalose-
6,6-dibehenate) which is currently in phase I clinical trial [115, 135].

In sum, an essential point in the investigation of modern adjuvants is not only the 
initiation of a potent adequate immune response but mainly targeting APC receptors 
to achieve such response avoiding as much as possible the toxicity associated. 
Moreover, the ideal adjuvant should be able to promote an antigen-specific immune 
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response and should be nontoxic, biocompatible, readily biodegraded and elimi-
nated, inexpensive to produce, stable before administration, and physicochemically 
well defined to facilitate quality control important to ensure reproducible manufac-
turing and activity.

10.2.5	 �Vaccine Strategies Against Candida Infections that 
Advanced to Clinical Trials

Many positive results have been achieved in the development of fungal vaccines in 
the last years. However, few vaccine formulations directed against C. albicans have 
successfully completed phase I clinical trials, and although the majority of the stud-
ies are concerned with the development of vaccines against systemic candidiasis, 
the only approaches that enter clinical trials were against recurrent vulvovaginal 
candidiasis (VVC). The first study described in the literature is the phase II study of 
D.651, an oral vaccine designed to prevent VVC prepared with C. albicans ribo-
somes and membrane proteoglycan from a nonencapsulated Klebsiella pneumoniae 
as adjuvant [136]. Latter, the PEV7 from Pevion Biotech (Ittigen, Switzerland) 
composed of an antigen fragment of Sap2p embedded in a virosomal formulation 
with intrinsic adjuvanticity was proposed against VVC infection. Finally, the NDV-3 
from NovaDigm Therapeutics (USA) based on a recombinant protein fragment 
from Als3 with alum as the adjuvant is also in phase 1b/2a clinical trial to evaluate 
NDV-3 again in patients diagnosed with VVC.

The preliminary phase II study of D.651 vaccine was conducted in 22 women 
with a history of frequent recurrences of vulvovaginal candidiasis. Vaccine was 
taken orally and administered intermittently over 6 months in capsules. The vac-
cine was well tolerated and reduced an average of 3.59 attacks of VVC per 
6 months to an average of 0.55 attacks per 6 months. However, this trial was con-
ducted without placebo, and no further studies on this vaccine have been 
documented.

The PEV7 vaccine is based on a truncated and enzymatically inactive recombi-
nant aspartyl proteinase-2 (rSap2) of C. albicans presented on the surface of influ-
enza virosomes [106, 107, 137]. PEV7 was considered to be safe in a repeated-dose 
toxicological study in rats and generated a robust serum IgG and IgA anti-Sap2 
antibody response in mouse and rat models after intramuscular and intravaginal 
immunizations. Phase I clinical trial used lyophilized virosome formulations for 
intramuscular and intravaginal application with the intention to assess the safety and 
immunogenicity of PEV7 via a systemic prime/mucosal boost regime in 48 healthy 
volunteers. Half of the women received intramuscular injections, while the other 
half received intravaginal capsules. This capsular formulation for intravaginal appli-
cation represents an innovation with the advantage of an easier administration, 
favoring patient compliance. Results showed that 100% of the vaccinated women 
developed specific and functional B-cell memory. Both routes of vaccination 
induced a rapid and specific production of antibodies either in serum and/or cervi-
covaginal secretion, which was very encouraging with regard to the therapeutic 
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potential of the vaccine [138]. A summary of the study can be found at clinicaltrials.
gov website, identifier number NCT01067131.

The NDV-3 trial is a multicenter, double-blind, randomized, placebo-con-
trolled study to evaluate the safety, tolerability, immunogenicity, and efficacy of 
this vaccine. Due to previous results, this vaccine was developed to treat and 
prevent infections caused by Candida but also to Staphylococcus aureus, being 
the first vaccine to demonstrate preclinical cross kingdom potential [103]. This 
phase 1b/2a trial involved 188 patients from multiple centers in the United 
States with the aim to study and estimate the effect of a single, intramuscularly 
administered dose of NDV-3, as compared to placebo, by evaluating safety and 
tolerability, as well as humoral and cellular immune responses. The study will 
also summarize recurrence of VVC over six- and 12-month period, time-to-
onset of first VVC episode, and severity of subsequent VVC episodes. A sum-
mary of the study can be found at clinicaltrials.gov website, identifier number 
NCT01926028.

10.2.6	 �Concerns to Overcome to Further Advance in  
Fungal Vaccines

The development of innovative vaccines to protect patients from fungal and bacte-
rial infections that can be recurrent, drug resistant, and in some cases life-threatening 
is still necessary. Other vaccines are ready to enter clinical trials if industrial interest 
and sufficient monetary support can be raised. Nevertheless, there are still some 
crucial points to solve such as (1) the majority of the studies that were performed in 
animal models that have limitations, (2) further understanding of the mechanisms of 
the C. albicans-host interaction in mucosal and systemic infections, and (3) the 
development of autoimmunity.

The majority of the studies have been developed in animal models that although 
very useful do not fully recapitulate infection by the opportunistic commensal C. 
albicans. Mice and humans are undoubtedly substantially different regarding their 
innate immune response to Candida. One of the main limitations is that, unlike 
humans, mice do not have a C. albicans GI flora and they lack Candida serum anti-
bodies. Several attempts to develop a more real model have been made, and there 
have been indications that Candida-colonized mice were able to developed fungal-
specific antibodies in the serum due to the colonization and that these animals, if 
immunized with a specific protein, were able to develop specific antibodies to that 
immunogen [139]. However, the information that can be gained from using such 
mice is still limited. The consequences may be that vaccines that are very efficient 
in the animal model could be less effective in human, and the protection of the vac-
cine is not persistent or high grade or cause unacceptable toxicity. Thus, in preclini-
cal trials, the effectiveness of vaccines should be tested in different species of 
animals, including mice, rabbits, and monkeys. The infection models could include 
immune-normal animals and immune-deficient animals and could involve varia-
tions in the symbiotic bacteria.
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To design any vaccine, the mechanisms that confer protective immunity in the 
host against fungi must be fully understood. This knowledge is important in the 
selection for constituents from the fungus that elicit the particular type of immune 
response. In addition, there is little control of the C. albicans strain used in the 
studies, the dose of the inocula to produce the intended outcome of death or tissue 
infection, the dosage and delivery time of the vaccines to produce the greatest pro-
tection effect, the information regarding the different outcomes form various routes 
of Candida infection, or the multiple parameters tested, such as tissue CFU and 
survival rates. This is further complicated in the development of a multivalent vac-
cine. Although substantial advances have been made in the understanding of host-
Candida interactions, the current paradigm of C. albicans-specific immunity 
suggests that pathogenic growth of the fungus is prevented by a combination of 
innate and adaptive Th1/Th17 responses, which activates phagocytes as the major 
candidacidal effectors [33, 58]. However, despite the idea that Th17 cells are pro-
tective against fungal infections, recent studies suggest that inflammatory Th17 
and Treg responses are protective at mucosal surfaces, but in systemic candidiasis, 
a time-dependent and coordinated Th17/Treg response is fundamental for a posi-
tive outcome [63]. The balance between protective versus pathogenic immunity is 
crucial in determining the disease outcome. This is one of the reasons that justify 
why vaccines against mucosal candidiasis have advanced to clinical trials. Another 
concern in the development of subunit vaccines is the adjuvant used. Adjuvants 
have been used for long time, but their mechanisms of action are not fully under-
stood. They may act by a combination of various mechanisms to create a local 
immunocompetent environment at the injection site. Many of the preclinical stud-
ies were conducted using adjuvants that are not recommended for human use such 
as the Freund’s adjuvant, and when switched to an adjuvant recommended, the 
results were not the same and in many cases were lower than expected. In addition, 
and probably due to the lack of knowledge about their mechanism of action, adju-
vants are selected just taking into consideration what is in use. Adjuvants should be 
selected depending on the type of innate responses that are needed to be activated, 
because they may alter the quality and quantity of adaptive immune responses. 
That is why just changing the adjuvant without considering its mechanism of 
action may not produce the expected results. Thus, more studies should be devel-
oped in order to better understand the mechanisms of action of adjuvants, provid-
ing critical information that will help in a rational design of vaccines and inform on 
adjuvant safety. These informations will lead to the recommendation of new adju-
vants for human use.

The development of autoimmunity was always an important concern, particu-
larly in the case of commensal species as C. albicans. Keeping the balance of the 
immune system in eliminating invading pathogens, while still maintaining self-
tolerance to avoid autoimmunity, is critical for the body’s health. In this balance, 
the mucosa microbiota provides benefits to the host by actively participating in 
the regulation of immune homeostasis. These evidences are confirmed by the con-
sequences of altering the gut microbial communities, termed dysbiosis, such as 
the autoimmune disorders. The mucosa microbiota has a profound effect on both 
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the innate and adaptive immune system so it is not surprising that some members 
of the microbiota have been linked to autoimmune diseases. It has been deter-
mined that the microflora of mice with colitis fails to metabolize tryptophan into 
metabolites that act as aryl hydrocarbon receptor (AHR) ligands, modulating pro-
duction of IL-22, an important cytokine for intestinal homeostasis [140]. Intestinal 
inflammation is attenuated after inoculation of mice with three Lactobacillus 
strains capable of metabolizing tryptophan or by treatment with an AHR agonist. 
Despite difficulties in fungal DNA extraction methods and fungal identification 
methods, the gut, oral, lung, and skin niches presented four genera in common: 
Aspergillus, Candida, Cryptococcus, and Penicillium [141]. Fungi have long been 
suspected to be involved in inflammatory bowel disease (IBD) pathogenesis since 
many genes involved in the immune response against fungi have associated single 
nucleotide polymorphisms (SNPs) in IBD patients, such as in DECTIN-1, 
CARD9, or NFkBp105 genes in the signaling pathways of antigen-presenting 
cells and IL12p40, IL23R, or IL-6ST, cytokines and cytokine receptors involved 
in Th17 and Th1 polarization, among others [142]. These findings suggest a role 
of fungi in inflammatory pathogenesis. Thus, it is not surprising to find that fungi, 
and particularly C. albicans, are more abundant in the gut microbiota of these 
patients. But this enhancement in the fungal population is particularly related to a 
genetic defect in microbial sensing in the susceptible human population. Using 
animal models, gut inflammation induced by dextran sodium sulfate (DSS) pro-
moted C. albicans growth, and this growth enhances inflammation. Thus, it seems 
that there is a vicious circle in which intestinal inflammation induces C. albicans 
proliferation, which itself enhances the inflammatory process. That is why it is 
described that C. albicans has a negative impact on inflammation. Thus, any fac-
tor that significantly alters the local microbiota such as prolonged use of broad-
spectrum antibiotics enhances the fungal population in the microbiota and 
augments intestinal inflammation, contributing to the initiation of the vicious 
circle and enhancing the changes of fungi translocation and systemic infection. 
But this predisposition to increased inflammation may not be a direct action of 
Candida in inducing the autoimmune dysfunction, unless patients present genetic 
defect in fungi sensing. Indeed, host genes affect the composition and function of 
the gut microbiota.

In order to induce an autoimmune dysfunction, vaccination against C. albicans 
either enhances chronic inflammation, particularly at the mucosa, or develops an 
adaptive response against an epitope similar to a human molecule. Antibodies 
against Saccharomyces cerevisiae mannan as well as against other fungal cell wall 
components, such as anti-laminarin that identifies β-1,3-glucans and against β-1,4-
N-acetylglucosamine, present in the chitin layers, have been shown to be associ-
ated with Crohn’s disease [141, 143]. But once more, the existence of these 
antibodies may be due to the fact that in susceptible individuals, intestinal inflam-
mation induces C. albicans proliferation, enhancing the changes of fungi translo-
cation and being seen by the immune system. There is no evidence that in normal 
individuals the presence of these antibodies enhances the probability of mucosa 
inflammation. On the contrary, from the vaccination studies against Candida 
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vaginal infections, a reduction in the inflammation sign as well as a local reduced 
fungal burden is documented [144]. However, regarding vaccine development 
studies against systemic candidiasis, mucosal inflammation is not a parameter that 
is frequently included in these studies. Thus, the study of the induction of inflam-
matory at the mucosa should also be included in the studies addressing systemic 
candidiasis.

In terms of cross-reactions responses against molecules/epitopes with homology 
to human molecules, epitope mapping analysis has showed that some heat-shock 
proteins epitopes from C. albicans may have as much as 100% direct homology 
with human heat-shock proteins [76]. Thus, antibodies developed against the heat-
shock proteins, particularly Hsp90p, raise the concern of development of autoim-
mune reactions. In children idiopathic short stature with C. albicans and/or H. 
pylori gut colonization, it was reported that the incidence of autoantibodies against 
selected neuropeptides is high due to molecular mimicry between antigens of these 
microbiota and the selected neuropeptides [145]. However, further studies are nec-
essary to elucidate this issue. To avoid induction of these autoantibodies by vaccina-
tion, the selection of target molecules is essential, molecules that are unique to the 
fungi should be addressed, and an epitope mapping analysis should always be 
performed.

In summary, despite the advances in our knowledge and understanding in patho-
genesis and immune responses, invasive fungal infections continue to result in sig-
nificant morbidity and mortality in critically ill patients. The traditional antifungal 
chemotherapy has met some limitations, such as the toxicity and emergence of 
resistance, limiting their effectiveness. Therefore, there is an urgent need to 
improve treatment options for these patients, and vaccines can represent novel 
approaches against fungal infections. Although the currently available vaccines 
have demonstrated good protection, there is still a long way to go before a vaccine 
to be applied in patients with predisposing factors to systemic fungal infections 
will be achieved.
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