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Fungi are found in virtually every environment, and comprise a significant portion of 
the normal microflora of healthy individuals. Some species of fungi are aeroallergen 
sources capable of inducing sensitization and causing exacerbation of asthma 
and respiratory allergy. Others are transmissible between hosts and may cause no 
symptoms in healthy individuals. However, immune suppressed individuals may 
develop invasive disease marked by tissue invasion with a potential for widespread 
dissemination. Existing therapies for patients consist of antifungal drugs, yet these 
require prolonged administration with the possibility of adverse side effects, and 
may be rendered ineffective by the emergence of antifungal-resistant strains. It is 
therefore of interest to increase our understanding of host-pathogen interactions 
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in order to facilitate the development of new therapies for individuals suffering 
from fungal infection and disease. These early interactions are shaped by an array 
of constituent and secreted factors that stimulate or inhibit host immune responses 
toward protective or detrimental immunity. Likewise, an array of preformed factors 
and tissue-resident cells provide early protection from fungal infection and provide 
extracellular signals that result in localized recruitment of inflammatory cells and 
determine the character of subsequent adaptive antifungal immunity.

This Research Topic explores the host and fungal pathways that program innate and 
adaptive immunity and the immune cells, molecules, and regulatory pathways that 
comprise protective or detrimental responses to fungal exposure or infection. Over 
200 authors contributed reviews, opinions, or original research focusing on antifungal 
immunity in humans and in experimental models. We believe that the results of these 
efforts provide a benchmark for further advances and improved antifungal therapies.
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Editorial on the Research Topic

Immunity to Human Fungal Pathogens: Mechanisms of Host Recognition, Protection,

Pathology, and Fungal Interference

Fungi are eukaryotic heterotrophs present in virtually every environment, with potentially more
than 5 million individual species (1). Despite this impressive biodiversity, only about 300 species
are capable of causing disease in humans (2). The most successful human pathogens among
these share the ability to grow at the physiologic temperature of endothermic vertebrates and
consequently colonize or infect only susceptible hosts (3). Immune-competent humans are largely
resistant to fungal infections that throughout much of human history were considered rare and
remained poorly understood. However, since 1980, the prevalence of opportunistic fungal diseases
has steadily increased in parallel with increases in individuals with acquired immune deficiencies or
those receiving immune suppressive or myeloablative therapies (4–6). Worse yet, current options
for antifungal therapies remain limited and the continued emergence of resistant strains threatens
to further erode antifungal drug efficacy (7, 8). The pressing need for novel therapies has thus
resulted in increasing interest in studies in fungal biology and host-fungal interactions that may
identify novel antifungal targets or alternative antifungal therapies.

The constant exposure of humans to both commensal and environmental fungi requires a
competent immune system for tolerance, protection, and/or clearance, while limiting collateral
damage caused by excessive or detrimental inflammation. Innate responses to fungal pathogens
are initiated by fungal component recognition via an array of pathogen-associated molecular
pattern recognition receptors (PRRs) (9–11). Recognition of fungal ligands by these receptors
initiates a cascade of signaling events that result in activation of inflammatory cytokine and
chemokine expression, driving recruitment and activation of innate phagocytic cells such as
neutrophils and monocytes to the site of infection. Dendritic cells take up fungal particles
in this cytokine-rich microenvironment, integrate these activating signals through PRRs and
cytokine/chemokine receptors, migrate to site-draining lymph nodes, and subsequently activate
naïve fungal-specific T cells. In this manner, early fungal recognition and inflammation
provide critical signals that drive adaptive antifungal immunity. However, significant variation
encountered by the host innate immune system, and co-evolutionary adaptation of pathogenic

8
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fungi, drive diverse disease outcomes ranging from tolerance,
clearance and resolution to dissemination and excessive
inflammation.

Increased understanding of these host-fungal interactions and
the mechanisms that favor protective immunity over immune
pathology could provide targets for novel therapeutic approaches
that complement the limited repertoire of existing antifungal
drugs. The aim of this research topic is to explore the host and
fungal pathways that program innate and adaptive immunity
and the immune cells, molecules, and regulatory pathways that
comprise protective or detrimental responses to fungal exposure
or infection. Researchers from 15 countries in North and South
America, Europe, Asia, and Australia contributed 36 review
and original research articles that cover a wide range of fungal
pathogens, disease models, and effector and regulatory cell
and molecular pathways of host immune responses to fungal
exposure and infection. Here, we present an outline of the
findings, perspectives, and reviews contained in this research
topic.

The major class of pattern recognition receptors, the C-
type lectin receptors (CLRs), including molecules critical for
the initiation of inflammation and the development of adaptive
immunity to fungi, are reviewed by Tang et al.. Although the
important role of the β-1,3-glucan receptor dectin-1 in antifungal
immunity is well appreciated, the α-mannan-binding dectin-
2 and dectin-3 also influence responses to fungal exposure
and infection and their roles are less clear. In support of
these studies, Preite et al. show that dectin-2 and dectin-3
mediate antifungal activity and cytokine secretion of human
plasmacytoid dendritic cells (pDCs) in response to the endemic
dimorphic fungal pathogen Paracoccidioides brasiliensis via a
pathway mediated by the CLR-associated signaling molecule Syk.
In addition, de Castro et al. show that mouse bone marrow-
derived macrophages (BMMs) and DCs (BMDCs) produce IL-
1β and IL-18 in response to Fonsecaea pedrosoi, the main
causative agent of chromoblastomycosis, in a dectin−1, −2,
and −3-dependent manner. A role for the NOD-Like Receptor
P3 (NLRP3), an intracellular protein complex that controls
activation of inflammatory caspases and cytokine production,
is shown by Feriotti et al. as important for the development of
protective immunity to pulmonary infection with P. brasiliensis.
β-glucan stimulation of NLRP3 inflammasome-mediated IL-1β
secretion in B cells reported by Ali et al. shows innate antifungal
cytokine production in an adaptive lymphocytes that were also
capable of producing IgM in an NLRP3-dependent manner.

In contrast to the protective role for the NLRP3
inflammasome in invasive infection with the filamentous
opportunistic mold Aspergillus fumigatus (12), Gresnigt et al.
report that NOD1-deficient mice exhibit increased protection
from invasive aspergillosis compared to wild-type controls.
Another potential fungal PRR is the fibrinogen-binding domain
receptor FIBCD1, and Schoeler Jepsen et al. demonstrate
suppression of IL-8 secretion, mucin production, and airway
inflammatory gene transcription in FIBCD1-transfected
human lung epithelial cells in response to A. fumigatus. Lung
epithelial cells are shown by Hayes et al. to produce IL-8
and MCP-1 in response to the Alternaria allergen Alt a 1

in a TLR2/4-dependent manner. Collectively, these studies
support fungal pattern recognition by an increasing number
of receptor families with diverse roles in the development of
protective or detrimental immunity to fungal exposure and
infection.

PRR-expressing tissue-resident macrophages are part of
the first line of defense against fungal infections (reviewed by
Xu and Shinohara). Circulating monocytes are subsequently
recruited to sites of infection in response to inflammatory
signals produced by tissue-resident macrophages. Tóth et
al. report that the exposure of hyphae of the dematiaceous
mold Curvularia lunata to human THP-1 monocytes
resulted in increased inflammatory IL-8 and regulatory/anti-
inflammatory IL-10, suggesting a possible mechanism for
the ability of this species to cause chronic infections in
immune competent individuals. Landgraf et al. report that
dihydrolipoyl dehydrogenase secreted by P. brasiliensis may
act as an exoantigen that enhances macrophage phagocytosis.
Mukaremera et al. report that hypha of the yeast Candida
albicans induced low levels of cytokine secretion from
human monocytes, with the highest levels from yeast and
intermediate levels from pseudohypha, and cell wall mannan
depletion partially reversed these responses. Using fluorescence
yeast cell wall-labeling to measure yeast division within
macrophages, Dagher et al. show that activation of the
tyrosine kinase Syk is critical for macrophage control of
phagocytosed C. glabrata. Together, these studies provide new
insights into the roles for monocytes and macrophages in
induction and regulation of antifungal inflammation and fungal
clearance.

Inflammatory cytokine production by macrophages leads to
localized inflammation with production of chemokines that
attract additional innate immune cells. Caffrey-Carr et al.
report that antifungal protection and recruitment of neutrophils
and eosinophils in response to A. fumigatus inhalation is
dependent on the lipid inflammatory mediator Leukotriene
β4. Clark et al. show that a key mediator of chromatin
decondensation, protein deaminase 4, and the complement
receptor CR3, are critical for neutrophil extracellular trap
formation in response to A. fumigatus, while hyphal killing
required only CR3. The role of innate lymphoid natural killer
(NK) cells in innate antifungal immunity is reviewed by Schmidt
et al.. These works further illustrate diverse mechanisms and
roles for innate myeloid and lymphoid cells in antifungal
immunity.

Dendritic cells (DCs) are multifaceted professional antigen
presenting cells that integrate antigen uptake and local
inflammatory signals in order to effectively prime adaptive
antifungal immune responses upon migration to site-draining
lymph nodes (9). The role of type I interferon-producing
plasmacytoid DCs in antifungal immunity in the context
of chronic HIV infection is reviewed by Maldonado and
Fitzgerald-Bocarsly. Xu et al. investigated the role of macrophage
receptor with collagenous structure (MARCO) on pDC
recruitment and induction of antifungal adaptive immunity to
C. neoformans infection, and report that expression of MARCO
promoted recruitment of lymph node DCs and skewed local
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and systemic T helper cell responses away from protective Th1
responses and toward non-protective Th2 responses. Wong et al.
demonstrate a role for leucine-rich repeat kinase 2 (LRRK2) in
translocation of NFAT to the nucleus in DCs in the early stages of
the non-canonical autophagic response to A. fumigatus conidia,
thus connecting LRRK2 with NFAT-mediated IL-2 expression
in early antifungal immunity. Hellmann et al. compared
immune responses to A. fumigatus in human and mouse DCs,
macrophages, and neutrophils, and observed that human DCs
exhibited more significant increases in maturation markers and
phagocytic ability than murine DCs, while murine neutrophils
and macrophages displayed more reactive oxygen species
production after A. fumigatus exposure. Collectively, these works
provide support for additional mediators of DC function that
shape antifungal adaptive immunity, and suggest distinct roles
for these cells in human fungal disease and experimental animal
models.

After DCs migrate to draining lymph nodes, they present
fungal antigen to naïve T cells, inducing antifungal adaptive
immunity. This process is influenced by cytokines in the
microenvironment. Formation of the antifungal Th17 subset
of T helper cells is promoted by the inflammatory cytokines
IL-6 and IL-23, and Tristão et al. report that these cytokines,
along with the IL-17 receptor A, were necessary for protective
lung granuloma formation in mice infected with P. brasiliensis.
IL-1α/β also influence adaptive immune responses to fungi,
such as the dimorphic Cryptococcus spp., as Shourian et
al. observed that IL-1 receptor type 1-deficient mice had
increased cryptococcal burden, eosinophilia, M2 macrophage
polarization, and recruitment of CD4+IL-13+ T cells, with
a concomitant reduction in pro-inflammatory Th1 and Th17
cytokines. However, excessive inflammation and Th1 activation
in C. neoformans infection is also detrimental, and was reported
by Fa et al. to be mediated by the cell death regulatory genes
FADD (Fas-associated death domain) and RIP3K (receptor
interacting protein kinase 3). The results of these studies support
roles for Th1 and Th17 responses in antifungal immunity, as well
as a requirement for regulation of cell death to limit excessive
inflammation.

Cell and molecular regulation of immunity occurs at multiple
levels from induction to resolution of immune responses. An
enzyme that limits available tryptophan and thus dampens
immune cell proliferation and effector function, indoleamine
2,3-dioxygenase (IDO), is produced by mammalian hosts
and the fungal pathogen A. fumigatus; findings that shed
light on this host-pathogen dynamic are reviewed by Choera
et al.. De Araújo et al. report that DCs from an infected
P. brasiliensis-susceptible mouse strain exhibit IDO activity
and promote inflammation, while DCs from resistant mice
phosphorylate IDO and promote a tolerogenic phenotype. The
same group further compared P. brasiliensis infection in IDO-
deficient and wild-type mice, and observed increased mortality,
fungal burden, histopathology, and Th17 cell recruitment and
activation in IDO-deficient mice with concomitant decreases
in Th1 and Treg cells de Araújo et al.. In addition to the
enzymatic activity and signaling by IDO, antifungal immune
responses are regulated at the post-transcriptional level by

microRNAs (miRNAs); these molecules and their associated
pathways are reviewed by Croston et al.. Zimmerman et al.
report that patients with autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) exhibit decreased
levels of the signaling molecule STAT1, in contrast with
patients with STAT1 gain-of-function mutations, despite
similar disease phenotypes. These works highlight findings
of enzymatic, post-translational, and signal transduction in
the regulation of antifungal immunity and fungal disease
susceptibility.

Although spore/hyphal recognition by innate cells drives
the development of immunity to fungal pathogens, host-fungal
pathogen interactions are also considered at the macroscopic
level of microbial communities (e.g., biofilms) and host tissues.
Kernien et al. review host immune recognition of fungal
biofilms and biofilm properties that inhibit host recognition and
clearance. Zhang et al. explore how immune interactions
with respiratory and gastrointestinal fungal microbiota
contribute to chronic airway inflammatory disease. Sparber
and LeibundGut-Landmann more specifically discuss host
immune responses to skin-colonizing Malassezia species,
yeasts that are involved in a variety of skin disorders. Finally,
Casadevall et al. review the evidence that C. neoformansmediates
host damage at the molecular, cellular, tissue, and organism
levels, in some instances with formation of large fungal masses
in brain tissue. These reviews highlight emerging areas of
fungal immunology that consider fungal interactions with the
host immune system beyond the level of cell and molecular
recognition.

Despite significant advances in our understanding of host
immunity to fungal exposure and infection, treatment of
fungal diseases has not progressed beyond the use of a
limited repertoire of antifungal drugs that are rendered
increasingly ineffective by emerging fungal resistance. Since
appropriate antifungal immunity is critical for protection from
fungal disease, complementary therapies that target immune
pathways represent areas of considerable interest for fungal
immunologists. Elsegeiny et al. review studies of immune
pathology in cryptococcal infection and discuss the need for
immune targeting therapies that suppress immune-mediated
damage without further compromising host protection. Van
Dyke et al. demonstrate that combining non-lethalC. neoformans
challenge with local IFN-γ production elicits an immune
response that protects mice from subsequent lethal infection.
Tso et al. summarize efforts and obstacles in the development
of anti-Candida vaccines, and discuss the potential use of
trained immunity in the development of strategies against
opportunistic fungal infections. Finally, Kumaresan et al. review
the development of CD8+ T cell therapy for the control of
invasive fungal infections, with a focus on the use of chimeric
antigen receptor (CAR) T cells that target β-glucan. These
reviews underscore the importance of current and future efforts
to enhance immune protection while limiting immune pathology
in patients that may not respond to traditional antifungal
therapies.

Collectively, the studies described in original research
and review articles in this topic provide optimism
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for the future of antifungal immune therapy. Recent
advances by fungal immunologists have greatly increased
our understanding of the basic mechanisms of innate
immune recognition, inflammation, adaptive immunity,
and regulation of antifungal immune responses at
molecular, cell, tissue, and organismal levels. We hope
these articles will stimulate further research with the

ultimate goal of improving outcomes for patients with fungal
diseases.
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Of all the pathogen recognition receptor families, C-type lectin receptor (CLR)-induced 
intracellular signal cascades are indispensable for the initiation and regulation of anti-
fungal immunity. Ongoing experiments over the last decade have elicited diverse CLR 
functions and novel regulatory mechanisms of CLR-mediated-signaling pathways. In this 
review, we highlight novel insights in antifungal innate and adaptive-protective immunity 
mediated by CLRs and discuss the potential therapeutic strategies against fungal infec-
tion based on targeting the mediators in the host immune system.

Keywords: C-type lectin receptor, fungal infection, signaling pathways, posttranslational modifications, immunity

iNTRODUCTiON

Fungi are ubiquitously present in the mucosal and epidermal surfaces in healthy individuals and 
often cause infections in immune-compromised patients. These include HIV-positive patients, 
recipients of organ transplants, and cancer patients treated with chemotherapy. In healthy individu-
als, fungal infections can also develop including vulvovaginal candidiasis, tinea pedis, fungal kera-
titis, and chromoblastomycosis (1–6). Invasive fungal infections, particularly with Candida albicans  
(C. albicans), demonstrate high mortality rates and kill more than 1.5 million people worldwide annu-
ally (7). Moreover, other identified pathogenic fungi such as Aspergillus fumigatus (A. fumigatus),  
C. auris, and Cryptococcus gattii (C. gattii) also pose a great threat to public health (1, 8, 9). Toxicity 
and resistance to the limited number of antifungal agents that are currently available contributes to 
high morbidity and mortality associated with fungal sepsis. Therefore, there is an urgent need to bet-
ter understand the immune response during fungal infection and develop new immuno-therapeutic 
approaches.

C-type lectin receptors (CLRs), including transmembrane and soluble forms, are characterized 
by containing at least one C-type lectin-like domain (CTLD). They have been shown to recognize 
both endogenous and exogenous ligands (10). As the most important pattern recognition recep-
tor (PRR) family for the detection of fungi, CLRs are recognized to play a critical role in tailoring 
immune responses against fungal exposure (11–14). In this review, we will focus on the roles and 
mechanisms of membrane-bound CLR-mediated-signaling pathways in host defense against fungal 
infections, with an emphasis on C. albicans. C. albicans is the most common fungal species isolated 
from biofilms, formed either on implanted devices or on human tissues, which become pathogenic 
in immune-compromised patients. We will also discuss the role of posttranslational modifications 
(PTMs) of CLR-signaling pathway components in anti-fungal immunity. In addition, we will also 
summarize the recent progress on the potential host-derived immune therapies for disseminated 
candidiasis.
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FUNGAL ReCOGNiTiON

The pathogen-associated molecular patterns (PAMPs) on the 
fungal cell wall are crucial for the initiation of innate immune 
responses against fungal pathogens. The fungal cell wall is pre-
dominantly composed of carbohydrate polymers interspersed 
with glycoproteins (15–17). The three major components, found 
in almost all fungi, are β-glucans, which are anchored in the 
inner core of the cell wall, chitin, which is a robust β-1,4-linked 
homopolymer of N-acetylglucosamine (GlcNac) located in the 
inner cell wall, and mannans, which are localized in the outer 
layer of the fungal yeast cell wall. The central core of the cell wall 
is branched β-1,3/1,6-glucans that are linked to chitin via β-1,4 
linkages (15, 18). Mannans are chains of up to several hundred 
mannoses that are added to fungal proteins via N- or O-linkages. 
Mannoproteins can covalently attach to glucans or chitin via 
either their sugar residues or glycosylphosphatidylinositol (17). 
In addition, O-linked glycoproteins containing mannobiose-rich 
structures from Malassezia function as distinct ligands to induce 
immune responses (19). Another crucial component on the 
fungal cell wall is melanin, which is involved in fungal virulence, 
resistance to antifungal drugs, and protection against insults from 
the environment (20, 21).

The recognition of PAMPs expressed in pathogens involves 
four families of PRRs, including Toll-like receptors (TLRs), NOD-
like receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like 
receptors (RLRs), and CLRs, each of which shows notable differ-
ences regarding pathogen recognitions, signal transduction, and 
intracellular downstream pathways (14, 22). Among these PRRs, 
CLRs have been shown to be essential for fungal recognition,  
either alone or in conjunction with TLRs (23–25). The family of 
CLRs comprises a subset of CTLD-containing proteins, including 
some Ca2+-dependent and Ca2+-independent carbohydrate-bind-
ing membrane-bound receptors. They are preferentially expressed 
by myeloid cells (26, 27). Ca2+-dependent carbohydrate binding 
is the most common CTLD function in vertebrates. Under these 
circumstances, the CTLD is therefore named as a carbohydrate 
recognition domain (CRD) (27). CLRs can recognize an array of 
molecules such as carbohydrates, proteins, and lipids.

Several PRRs have been reported to recognize β-glucans, 
including Dectin-1, complement receptor 3 (CR3), and three 
members of the scavenger receptor family, CD5, CD36, and 
SCARF1 (28–33). Recent studies have revealed that Dectin-2, 
Dectin-3, macrophage mannose receptor (MR), macrophage-
inducible C-type lectin (Mincle), and dendritic cell (DC)-specific 
ICAM3-grabbing non-integrin (DC-SIGN) can recognize man-
nans and mannoproteins (12, 13, 34–37). It has been shown that 
Dectin-1 specifically recognizes β-1, 3-glucans (11, 38), whereas 
Dectin-2 and Dectin-3 specifically recognize α-mannans (12, 13). 
The receptor(s) that recognizes chitin is still unknown, although 
NOD2, MR, and TLR9 were proposed to recognize chitin (39).

CLRs iN ANTiFUNGAL iMMUNe 
ReSPONSe

The major CLRs that are recognized to be involved in antifun-
gal immune responses are Dectin-1, Dectin-2, Dectin-3, MR, 

Mincle, and DC-SIGN. Dectin-1, Dectin-2, Dectin-3, Mincle, 
and DC-SIGN share a similar molecular structure consisting of a 
CRD, a stalk region, a transmembrane domain, and a cytoplasmic 
domain (40–42). By contrast, MR is composed of an amino ter-
minal cysteine-rich domain, a single fibronectin type II domain, 
eight CRDs, a transmembrane domain, and a cytoplasmic tail 
(43, 44) (Figure 1). These CLRs can be divided into two main 
groups based on their intracellular-signaling motifs: CLRs with 
immunoreceptor tyrosine-based activation motifs (ITAMs) or 
ITAM-like (also named hem-ITAM) domains and CLRs contain-
ing non-immunoreceptor tyrosine-based motifs such as MR and 
DC-SIGN (27, 45). The activation of these receptors can transduce 
intracellular-signaling pathways directly through integral ITAM-
like motif(s) within the cytoplasmic tails (such as Dectin-1), 
or indirectly through association with ITAM-containing FcR-γ 
chains, including Dectin-2, Dectin-3, and Mincle (25, 27, 46). 
Upon ligand binding, the activation of receptors induces the 
tyrosine phosphorylation of ITAM-like/ITAM motif(s) by Src 
family kinases, leading to the recruitment and activation of Syk 
kinase. This subsequently initiates downstream-signaling path-
ways. The activation of Syk signaling requires its interaction with 
two phosphorylated tyrosines within ITAM-like/ITAM motifs. 
However, unlike canonical ITAM motifs within FcR-γ adaptors 
which contain a repeat of YxxI/L, the ITAM-like motif located 
in the cytoplasmic tail of Dectin-1 has only a single YxxI/L; thus, 
the signaling from Syk may involve the receptor dimerization of 
Dectin-1 containing a single phosphotyrosine (25, 47) (Figure 1). 
Signals from the CLRs initiate and modulate not only innate 
immune responses but also the development of adaptive immu-
nity, especially TH1 and TH17 responses, which are crucial for the 
control of fungal infections. The role of Dectin-1, Dectin-2, and 
Dectin-3 in antifungal immunity is of considerable interest and 
has been extensively studied during the last decade.

Signaling Pathways Mediated by Dectin-1
Dectin-1 (encoded by Clec7a), which is mostly expressed by 
myeloid phagocytes (macrophages, DCs, and neutrophils), 
recognizes β-1,3-glucans in a calcium-independent manner 
(40). The engagement of Dectin-1 by β-1,3-glucans induces the 
activation of Src protein tyrosine kinase (PTK). Src phosphoryl-
ates the single cytoplasmic ITAM-like domain of Dectin-1, 
which subsequently results in the recruitment and activation of 
Syk (25, 48, 49). The activated Syk then phosphorylates protein 
kinase C δ (PKC-δ), which phosphorylates caspase activation and 
recruitment domain-containing protein 9 (CARD9) (50, 51). This 
facilitates complex formation with Bcl-10 and MALT1 (51, 52), 
thus eliciting NF-κB activation (24, 51) (Figure 1). In addition, 
Dectin-1-induced activation of extracellular signal-regulated 
protein kinase (ERK) is also mediated through CARD9, which 
links Ras-GRF1 to H-Ras (53). In addition to the Syk-dependent 
pathways, signaling from Dectin-1 also involves Syk-independent 
pathways mediated by Raf-1, resulting in noncanonical NF-κB 
activation by collaboration with the Syk-dependent NF-κB-
inducing kinase (NIK) pathway (24). The activation of NF-κB and  
ERK mediates the inflammatory responses against fungal 
infections and directs TH1/TH17 differentiation for antifungal 
immunity (24, 54–56).

13

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FiGURe 1 | C-type lectin receptor (CLR) signaling in fungal recognition. Schematic representation of the transmembrane CLRs associated with antifungal immunity 
and their intracellular-signaling networks. The recognition of fungal components by several CLRs, including Dectin-1, Dectin-2, Dectin-3, macrophage-inducible 
C-type lectin (Mincle), and dendritic cell-specific ICAM3-grabbing non-integrin (DC-SIGN), induces downstream signaling via Syk-dependent and Raf-1-dependent 
pathways to mediate antifungal immunity. Dectin-1 homodimers, Dectin-2-Dectin-3 heterodimers, and Mincle-Dectin-3 heterodimers couple with immunoreceptor 
tyrosine-based activation motif (ITAM)-like and FcR-γ-associated ITAM motifs, respectively, to recruit Syk to initiate downstream signaling, which leads to reactive 
oxygen species (ROS) production and caspase activation and recruitment domain-containing protein 9 (CARD9)/Bcl-10/MALT1 complex-mediated activation of 
NF-κB pathway. ROS triggers NLRP3 inflammasome assembly and activation, which cleave pro-IL-1β and pro-IL-18 into mature forms to elicit protective roles in 
anti-fungi immunity. Dectin-1-signaling pathway also induces Syk-dependent activation of Ras-GRF1, which recruits H-Ras via the CARD9 adaptor and ultimately 
leads to extracellular signal-regulated protein kinase (ERK) activation. Furthermore, signaling by Syk results in nuclear factor of activated T cells (NF-AT) activation in 
a calcineurin-dependent fashion, which integrates with NF-κB signaling to regulate gene transcription. Moreover, Dectin-1-signaling activation seems to be essential 
for the formation of noncanonical caspase-8 inflammasome, which is responsible for active IL-1β production.
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Dectin-1 signaling induces numerous signaling events cha-
racterized by phagocytosis, respiratory burst, and the produc-
tion of various inflammatory mediators, including cytokines, 
chemokines, and inflammatory lipids (40, 47, 57, 58). It is well 
established that the production of IL-1β, together with IL-6 
and IL-23, is essential for antifungal immune responses partly 
through priming adaptive immunity to differentiate CD4+ T cells 
to TH1/TH17 cells (24, 56, 59). Moreover, the production of type 
I interferons (IFNs) can be induced after fungal recognition and 
require Dectin-1/Syk signaling and transcription factor IRF5 
involvement (49). In mouse models, enhanced IFN-β secretion is 
critical for protection from fungal challenge (49, 60). Importantly, 
consistent with animal studies, type I IFNs exert a protective role 
against C. albicans infection in humans (61). Dectin-1 signaling 
also triggers the activation of nuclear factor of activated T cells 
(NF-AT) through the Syk/calcineurin pathway, leading to the 
production of inflammatory cytokines, such as IL-2, IL-10, and 
IL-12 p70, and the regulation of T cell development and differen-
tiation (62–64) (Figure 1).

CARD9 is considered to be essential for tailoring immune 
responses to fungal pathogens (51). The survival of Card9–/– mice is 

greatly impaired following systemic C. albicans infection (51, 53).  
In addition, NF-κB-mediated cytokine production is severely 
defective in the absence of CARD9 (51, 53). Notably, human 
CARD9 deficiency, which is referred to as an autosomal-recessive 
disorder, is associated with a spectrum of fungal diseases caused 
by various fungal pathogens (65). Currently, 16 human CARD9 
mutations, including nonsense and missense mutations, have 
been reported in patients worldwide (66). CARD9 mutations 
result in the impairment of mucosal fungal defense, partly by 
inhibiting TH17-induced immune responses, which are respon-
sible for the susceptibility to chronic mucocutaneous candidiasis 
(67). However, the underlying mechanism regarding how human 
CARD9 mutations affect TH17 immunity deserves further 
investigation.

Strikingly, CARD9 serves as the only currently known human 
gene in regulating the dissemination of C. albicans to the central 
nervous system (CNS). CARD9 deficiency in both mice and 
humans results in vulnerability to fungal infection in the CNS, 
owing to impaired neutrophil accumulation in the fungal-infected 
CNS, which correlates with the lack of CXC-chemokine induc-
tion (68). Consistent with these findings, decreased neutrophil 
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recruitment to the lungs was reported in Card9–/– mice infected 
with A. fumigatus (69). CARD9 deficiency may also predispose 
to extrapulmonary A. fumigatus infection in humans as a result of 
impaired neutrophil recruitment (70). Nevertheless, the CARD9-
dependent-protective role seems less necessary for pulmonary 
mold infections. Thus, future studies are required to decipher the 
role of CARD9 in other immune cells to explain its “organ-specific” 
and “species-specific” function in antifungal immunity. Moreover, 
the effects of genetic mutations in CARD9-coupled receptors 
(Dectin-1, Dectin-2, and Dectin-3) and CARD9-binding partners 
(MALT1 and Bcl-10) in human antifungal host defense require 
more in-depth studies.

Vav proteins, the key upstream regulators of CARD9, are criti-
cal in CLR/CARD9-induced-inflammatory responses similar to 
CARD9 (71). Indeed, humans with polymorphisms in DECTIN-1 
and VAV3 show increased susceptibility to invasive C. albicans 
infection (71, 72). Interestingly, one recent study illustrated that 
neutrophilic myeloid-derived suppressor cells (MDSCs) are 
induced in  vitro upon infection with various Candida species, 
which functionally inhibit T cell responses via Dectin-1/CARD9 
signaling and subsequently suppress ROS generation, indicating 
that CARD9 seems to function as a negative modulator in fungal 
immune response (73). It is unknown whether this is true in vivo. 
The contribution of MDSCs to fungal infections requires further 
investigation.

Signaling Pathways Mediated by Dectin-2, 
Dectin-3, and Mincle
Dectin-2 (encoded by Clec4n), Dectin-3 (MCL, encoded by 
Clec4d), and Mincle (encoded by Clec4e) belong to the Dectin-2 
family of CLRs, whose encoding genes are grouped closely at 
the telomeric end of the NK-gene cluster. They all have a single 
extracellular CTLD, short cytoplasmic tails, and trigger intracel-
lular signaling indirectly through association with the ITAM-
containing FcR-γ chain (55, 74–76). Signaling from Dectin-2, 
Dectin-3, and Mincle is mediated via the Syk/PKCδ-dependent 
CARD9/Bcl-10/MALT1 pathway, resulting in the activation 
of the transcription factor NF-κB and the subsequent produc-
tion of inflammatory cytokines and chemokines (13, 75, 77).  
Dectin-2 recognizes high-mannose structures and binds 
Candida α-mannans in a calcium-dependent manner (12, 78). It 
can also recognize O-linked mannobiose-rich glycoprotein from 
Malassezia, glycans containing mannose from house dust mite 
extracts (19, 79). Dectin-2 has been implicated in the defense 
against numerous pathogens, including C. albicans, C. neofor-
mans, A. fumigatus, Saccharomyces cerevisiae, Paracoccidioides 
brasiliensis, Histoplasma capsulatum, Microsporum audouinii, 
Trichophyton rubrum, Mycobacterium tuberculosis, and Schisto-
soma mansoni (75, 78, 80). Dectin-2 and Dectin-3 can form 
heterodimers to recognize the hyphal forms of C. albicans to  
induce pro-inflammatory production (13), although the 
involvement of Dectin-3 in C. neoformans infection is still 
controversial (81).

Mice deficient for Dectin-2 are highly susceptible to systemic 
candidiasis (12). Further study indicates that Dectin-2 and 
Dectin-3, two similar CLRs, form a constitutive heterodimeric PRR 

for sensing α-mannans on the surface of C. albicans and induce 
Syk-mediated activation of NF-κB to combat fungal invasion 
(13). Blocking either Dectin-2 or Dectin-3 with antibodies dra-
matically eliminates NF-κB-mediated-inflammatory responses 
upon C. albicans stimulation. The genetic deletion of Dectin-3, 
or mice receiving Dectin-3-blocking antibodies, showed high 
susceptibility to systemic candidiasis (13). Therefore, Dectin-2 
coupled with Dectin-3 displays protective antifungal immunity in 
animal models. Recently, two studies also showed that Dectin-3 is 
constitutively expressed in myeloid cells and functions as an FcR-
γ-coupled receptor for sensing trehalose-6,6’-dimycolate (TDM), 
a potent mycobacterial adjuvant (76, 82). In addition, Dectin-3 is 
also essential for inducing Mincle expression upon TDM stimula-
tion (82). Dectin-3 has been shown to interact with Mincle via the 
stalk region of Dectin-3, thus enhancing the protein expression 
of Mincle (83).

Emerging evidence showed that the engagement of the 
TH17/IL-17 pathway plays a critical role in host defense against 
mucosal fungal infection (84). Both Dectin-2 and Dectin-3 
are of great importance for TH17 cell differentiation in host 
defense against C. albicans or Blastomyces dermatitidis (12, 85). 
Furthermore, PI3K-δ, a proximal Syk-dependent-signaling 
intermediate downstream of Dectin-2, plays an important role 
in the generation of TH2 and TH17 immunities against infection 
with Dermatophagoides farina (D. farina) (86). In addition, 
a recent study showed that NF-κB subunit c-Rel-dependent 
cytokine induction relies on the Dectin-2/MALT1-signaling 
cascade to trigger TH17-polarizing cytokines IL-1β and IL-23 
secretion, thus possessing TH17-protective immunity against 
pathogenic fungal invasion (52). The expression of IL-17RC 
on humans and murine neutrophils has been identified in a 
Dectin-2-dependent pathway (87). Dectin-2-induced autocrine 
IL-17 secretion has also been implicated with ROS generation 
and fungal killing (87).

Mincle has been shown to recognize mycobacteria, C. albi-
cans, Malasezzia, and Fonsecaea species (36, 88–90). It is the 
sensor for α-mannose, glycolipid trehalose-6, 6′-dimycolate 
(TDM), and the self-ribonucleoprotein SAP-130 (74, 88, 91). 
Mincle is expressed constitutively at low levels in myeloid cells, 
and its expression is dependent on Dectin-3 (76, 83, 92). The 
expression pattern of Mincle suggests that it may not be the 
major fungal recognition receptor. In support of this notion, 
although mice lacking Mincle display increased fungal burden 
in the kidneys, the survival rate of Mincle–/– mice is similar to 
wild-type mice upon systemic C. albicans infection (89). It 
has been shown that Mincle is not a phagocytic receptor but 
modestly potentiates pro-inflammatory cytokine production 
(89). Mincle has been shown to inhibit Dectin-1-induced 
TH1 responses to F. monophora infection by inducing IRF1 
degradation through the E3 ubiquitin ligase Mdm2, which 
impairs the polarization of TH1 cells. Defective TH1 responses 
contribute to the chronic infection of F. monophora which 
causes chromoblastomycosis, a chronic fungal skin infection 
(93). In addition, Mincle has been demonstrated to specifically 
recognize Malassezia species and play a crucial role in host 
defense against this fungus (36).
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Other Fungal Recognition Receptors
MR (CD206, encoded by Mrc1): MR recognizes N-linked man-
nan of infectious Candida and mediates endocytosis and phago-
cytosis (94). Recent studies indicate that MR might promote the 
secretion of pro-inflammatory cytokines through the activating 
intracellular signal cascades. Although non-ITAM motifs are 
identified within the MR, a recent study reports that human 
MR becomes tyrosine phosphorylated upon M. tuberculosis  
(M. tb) infection, and this phosphorylation mediates a sequen-
tial association of Grb-2 and SHP-1 (95), suggesting that human 
MR itself can transduce downstream signaling. However, no 
known signaling motifs in murine MR have been identified, 
and no signaling has been induced directly from murine MR 
in response to fungal infections. Using human peripheral blood 
mononuclear cells, MR was found to be the main receptor 
pathway for the induction of TH17 cells by C. albicans in vitro 
(34). However, the importance of MR in fungal recognition is 
challenged by the fact that normal host defense is not altered 
during systemic candidiasis or Pneumocystis carinii infection in 
Mr–/– mice (96). In support of this, MR is also not required for 
resistance to Coccidioides immitis infection (97). Therefore, MR 
may not be the major fungal recognition receptor in mice. It is 
possible that the human and murine MRs may behave differ-
ently. This notion is supported by a recent report that human but 
not mouse MR signaling induced by M. tb regulates macrophage 
recognition and vesicle trafficking (95).

DC-SIGN (encoded by Cd209a): DC-SIGN is a transmem-
brane receptor for pathogen binding and uptake, which is mainly 
expressed in a subset of macrophages and DCs (98, 99). It has 
been demonstrated that DC-SIGN can bind and internalize 
soluble ligands effectively, which facilitates antigen processing 
and presentation to T cells (100). DC-SIGN has a high affinity 
to detect varied carbohydrate-based ligands, including mannose 
structures and fucose-bearing glycans, to recognize diverse organ-
isms including HIV-1, M. tb, Helicobacter pylori, or fungi such as 
C. albicans, A. fumigatus, and C. tropicum (35, 37, 101–103). The 
polymorphisms of both Dectin-1 and DC-SIGN were reported to 
associate with invasive pulmonary Aspergillosis infection (104). 
It has been demonstrated that DC-SIGN can recognize Candida 
mannan and that N-linked mannosyl residues are essential for  
this interaction (37). In particular, the N-mannosylation is 
required for the binding, phagocytosis, and immune sensing of 
C. albicans by human DCs (37). Upon high-mannose recogni-
tion, the signalosome leads to Raf-1 activation and subsequent 
p65 acetylation, which facilitates gene-transcriptional expression, 
especially amplifying TLR-induced cytokine production such as 
IL-10, IL-6, and IL-12 (23). However, DC-SIGN in collaboration 
with MR seems to suppress Dectin-1-mediated TH17 responses, 
but potentiate TH1 responses in β-glucan- or M. tb-treated DCs 
(105). Moreover, DC-SIGN, which contains abundant galacto-
mannan, is also found to play an important role in the recognition 
and binding of A. fumigatus conidia in human DCs (103). The liga-
tion of DC-SIGN by the glycoprotein fimbriae of Porphyromonas 
gingivalis promotes the evasion of antibacterial autophagy and 
lysosome fusion, resulting in intracellular persistence in myeloid 
DCs, whereas TLR2 activation can overcome autophagy evasion 

and pathogen persistence in DCs (106). However, the importance 
of DC-SIGN in antifungal immunity has not been verified by a 
gene-targeting approach.

CD23 (encoded by Fcer2a): CD23 is the low-affinity receptor 
for IgE and is also a novel CLR which binds to α-mannans and 
β-glucans (107). A recent study illustrated that c-Jun N-terminal 
kinase 1 (JNK1) deficiency exerts a protective effect in systemic 
candidiasis. The expression of CD23 is negatively regulated 
through a Dectin-1-induced NF-AT pathway (107). Antifungal 
effector NOS2 is dramatically augmented through the recognition 
of α-mannans and β-glucans with CD23 in mice lacking JNK1. 
Likewise, the genetic deletion of CD23 abrogates the protection of 
Jnk1–/– mice from disseminated candidiasis. JNK inhibitors boost 
antifungal innate immunity in  vivo and in  vitro (107). Taken 
together, JNK inhibition may also be a novel therapeutic strategy 
to combat disseminated candidiasis (Figure 2).

CR3 (Mac-1, αMβ2, or CD11b/CD18): CR3 is mainly expressed 
in leukocytes. CR3 consists of an I domain and a specific lectin 
domain, which bind to protein ligands such as iC3b, fibronectin 
and ICAM-1, and complement deposited on β-1,6-glucans (108). 
CR3 has been shown to cooperate with Dectin-1 for the detec-
tion of β-glucans and the regulation of innate immune responses 
during fungal pathogen exposure (109). Recent studies identified 
that CR3 and Dectin-1 collaboratively induce cytokine responses 
in macrophages in an Syk/JNK/AP-1 manner upon disseminated 
H. capsulatum infection (110), which further facilitates fungal-
adaptive immune responses. Still, the underlying molecular 
mechanisms of crosstalk among other fungal PRRs will be of 
great interest for future investigations.

Collaboration between CLRs and TLRs
There is emerging evidence that signaling from CLRs in col-
laboration with other PRRs, especially TLRs, is indispensable 
for optimal antifungal immunity. It has been reported that the 
cooperative interaction between Dectin-1 and TLR2 or TLR4 
synergistically facilitates the production of TNF, IL-23, and 
IL-10, but reduces IL-12 (59, 111). Dectin-1/TLR2 can amplify 
MR-mediated Th17 responses and IL-17 production upon  
C. albicans infection (34). In addition, DC-SIGN modulates the 
signaling from multiple TLRs on human DCs through activating 
Raf-1-dependent acetylation of NF-κB, which can promote the 
transcription of IL-10 and enhance antifungal-inflammatory 
response (23).

Recent studies have shown the importance of costimulation of 
Mincle and TLRs in protective antifungal response to F. pedrosoi, 
the most common fungus associated with chromoblastomycosis. 
Normally, F. pedrosoi is recognized by CLRs, but not TLRs, 
leading to the defective production of costimulatory cytokines 
and impaired fungal clearance. Intriguingly, the exogenous 
application of TLR7 ligand, imiquimod, restores the induction 
of inflammatory responses mediated via both Syk/CARD9- and 
MyD88-dependent-signaling pathways, as well as facilitates  
F. pedrosoi clearance in mice (90). In support of this finding, the 
topical administration of imiquimod to several patients with 
chromoblastomycosis also results in rapid infection resolution 
and greatly improved the lesions (112).

16

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
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C-type lectin receptor for fungal recognition, which is elevated in parallel with NO production in Jnk1–/– mice. The inhibition of c-Jun N-terminal kinase 1 (JNK1) has 
revealed its potential as a therapeutic target for enhancing antifungal immunity. TRIM62, another E3 ubiquitin ligase, is responsible for K27-linked polyubiquitination 
of caspase activation and recruitment domain-containing protein 9 (CARD9) to elicit its antifungal immunity. TRIM62 or CARD9 variants appear to be potential 
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iNFLAMMASOMeS iN ANTiFUNGAL 
iMMUNiTY

Emerging evidence shows that the engagement of inflamma-
somes plays a critical role in host defense against fungal infection, 
which can lead to the processing and activation of IL-1β and IL-18 
(113). Both cytokines are implicated in mediating antifungal cel-
lular responses, especially the promotion of adaptive TH1/TH17 
responses.

NLRP3 has been proposed to be the main inflammasome 
involved in protective fungal immunity (114). Several CLRs and 
TLRs can induce the priming of inflammasomes and the activa-
tion of NF-κB via the recognition of fungal PAMPs, resulting 
in the expression of pro-IL-1β and pro-IL-18 (115–117). Both 
Dectin-1/Syk- and TLR2/MYD88-signaling pathways have 
been shown to induce NLRP3 priming in murine macrophages 
infected with C. albicans (114). In addition, the production of 
pro-IL-1β in response to A. fumigatus, M. canis, Malassezia spp.,  
P. brasiliensis, and C. neoformans requires Dectin-1/Syk-dependent 
signaling (118–122). A more recent study indicates that Dectin-2 
is the primary receptor for NLRP3 inflammasome activation in 
DCs in response to H. capsulatum (117). It is unknown whether 
Dectin-2 and other CLRs such as Dectin-3, Mincle, and MR are 
also involved in the activation of inflammasomes.

The canonical NLRP3 inflammasome can be triggered by ROS, 
K+ efflux, and lysosomal cathepsins release induced by various 
fungal species. Upon infection with C. albicans and A. fumigatus, 
it has been shown that the activation of the NLRP3 inflammasome 
requires transition from the yeast to the filamentous phase (123), 
which may be attributed to the differential exposure of β-glucans 
on the fungal surface and thus the differential recognition by 
Dectin-1 (124). Upon phagocytosis by host macrophages, C. albi-
cans filaments trigger lysosomal rupture, which is required for the 
particulate activation of the NLRP3 inflammasome (124, 125). In 
addition, C. albicans-secreted aspartic proteases Sap2 and Sap6 
are thought to activate the caspase-1-dependent NLRP3 inflam-
masome by inducing ROS production and K+ efflux (126). Recent 
evidence has shown that NLRP3 coupling with AIM2 receptors 
is required to activate caspase-1- and caspase-8-dependent 
inflammasomes and induce protective antifungal responses in 
DCs challenged with A. fumigatus (127). Mice deficient in both 
NLRP3 and AIM2 are more susceptible to invasive Aspergillosis 
than mice lacking a single inflammasome receptor, suggesting 
the importance of cooperative activation and dual cytoplasmic 
surveillance of these two inflammasomes against A. fumigatus 
infection (127). Interestingly, mucosal Candida infection induces 
the activation of an NLRC4-dependent inflammasome, which can 
utilize caspase-1 to process IL-1β and IL-18 (128). The NLRC4 
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inflammasome protects against mucosal fungal overgrowth and 
facilitates inflammatory cytokine secretion and neutrophil influx 
in a murine model of oropharyngeal candidiasis (128).

Recently, an NLR-independent and caspase-8-dependent 
inflammasome have been identified (115). It seems that Dectin-1 
signaling induces the formation of a CARD9/Bcl-10/MALT1/
caspase-8/ASC complex which is dependent on Syk (115). 
Interestingly, caspase-8 in this complex is only partially cleaved 
to generate a p43 intermediate, which averts the triggering of 
caspase-3 and apoptosis (115). Dectin-1-mediated activation of 
caspase-8 appears to be involved in the cleavage of pro-IL-1β 
and the production of its bioactive form to defend against fungi 
(115). A subsequent study reported that this noncanonical cas-
pase-8 inflammasome can be activated and modulated by Tec, an 
intracellular non-receptor PTK, which acts as a novel signaling 
mediator between Dectin-1/Syk and PLC-γ2 in macrophages 
upon infection with Candida (116). The genetic ablation or the 
chemical inhibition of Tec results in a dramatic reduction of 
inflammatory responses and protects from fatal fungal sepsis 
(116). Interestingly, it has been shown that caspase-8, coordinat-
ing with caspase-1, plays a crucial role in promoting NLRP3 
inflammasome-dependent maturation of IL-1β mediated by 
Dectin-1 and CR3 in DCs during β-glucan sensing and C. albi-
cans infection (109). In addition, the same group also showed 
that there is crosstalk between CR3 and Dectin-1 during H. cap-
sulatum yeast infection in macrophage TNF and IL-6 responses 
in an Syk/JNK/AP-1-dependent manner (110). However, it was 
reported that H. capsulatum α-(1,3)-glucan blocks innate immune 
recognition by Dectin-1 (129). The importance of Dectin-1 in 
H. capsulatum infection, in particular in  vivo, remains to be 
determined. Furthermore, the role of caspase-8 in controlling 
antifungal immunity has not been confirmed by a gene-targeting 
approach.

CLR-MeDiATeD PTMS iN ANTiFUNGAL 
iMMUNiTY

Recent literature has shed additional light on novel molecules 
engaged in antifungal immunity and PTMs in CLR-signaling 
cascades, thus opening new avenues for innovative therapeutic 
approaches (107, 130–133). It has been increasingly recognized 
that PTMs serve as modulators to tailor fungal evasion by 
targeting innate sensors, adaptors, signaling components, and 
transcription factors. Subsequently, PTMs regulate the activa-
tion, survival, and stability of potent proteins by linking covalent 
bonds to functional groups (134). To date, several PTMs includ-
ing phosphorylation and ubiquitination have been characterized 
in the regulation of immune responses against fungi.

Protein Kinases and Phosphatases in 
Antifungal innate immunity
Two major cytoplasmic kinase families in innate cells, including 
the Src family kinases and the Syk, are involved in intracellular-
signaling cascades upon fungal pathogen exposure. Signaling 
involving the phosphorylation of tyrosine residues within the 
ITAM(s) by Src family kinases leads to the recruitment and 

activation of Syk, which then phosphorylates phospholipase Cγ2 
(PLC-γ2). Activated PLC-γ2 initiates the hydrolysis of membrane-
bound phosphatidylinositol-3,4,5-triphosphate (PIP3) to soluble 
inositol triphosphate (IP3) and diacylglycerol, both of which result 
in the influx of calcium and the activation of PKC-δ, the latter 
mediating the phosphorylation of CARD9 and the subsequent 
activation of the CARD9/Bcl-10/MALT1 complex. Downstream 
signaling through the Syk/PLCγ2 pathway from Dectin-1 and 
Dectin-2 involves the activation of NF-κB, ERK, and NF-AT  
(24, 53, 135, 136).

Numerous studies have shown that the balance between phos-
phorylation and dephosphorylation is of great importance in  
orchestrating fungal immune responses. In addition to Src kinases 
phosphorylating ITAM(s) within Dectin-1 and FcR-γ, recent 
literature has shown that two members of Src family kinases, Fyn 
and Lyn, facilitate the cryptococcal-killing capacity in NK  cells 
by mediating PI3K/ERK1/2-signaling activity, which further 
directs the traffic of perforin-containing granules to synapses 
for pathogen clearance (137). Whether other Src family kinases 
are involved in the regulation of fungal invasion remains to be 
determined.

The CARD9/Bcl-10/MALT1 complex in Dectin-1 signaling 
upon Candida infection has been known to activate the IKK com-
plex, leading to the phosphorylation of IκB and the activation of all 
canonical NF-κB subunits including p50, p65, and c-Rel (24, 51, 138).  
Importantly, Syk activation in response to Dectin-1 stimulation 
is also able to activate noncanonical subunits of NF-κB (p52 and 
RelB) through NIK and IKKα, leading to the nuclear transloca-
tion of p52–RelB dimers (24). In addition, Dectin-1 signaling 
can induce Syk-independent phosphorylation and activation 
of Raf-1 via Ras. Activated Ras leads to the activation of Raf-1, 
which then phosphorylates NF-κB p65, and facilitates p65–RelB 
dimer formation that sequesters active RelB and potentiates TH1 
responses by inducing IL-12p40 and IL-1β (24). Interestingly, 
another group recently found that Dectin-1 stimulated with  
C. albicans triggers Syk-dependent phosphorylation of Ras-
GRF1, which mediates the recruitment and activation of H-Ras 
through CARD9 alone, but not the CARD9/Bcl-10/MALT1 
complex, leading to the phosphorylation and activation of ERK, 
but not NF-κB and subsequent pro-inflammatory responses (53). 
This suggests that upon Dectin-1 signaling, CARD9 is required 
for ERK activation but is dispensable for NF-κB activation.

CLR (Dectin-1, Dectin-2/3, or Mincle) signaling has been 
reported to phosphorylate and activate SHP-2, which is able to 
recruit Syk to Dectin-1 or to the adaptor FcR-γ, thus resulting 
in the activation of Syk and downstream signaling and mediate 
antifungal innate immune responses and TH17 responses (139). 
In addition, the phosphatase SHIP-1 has been recently identi-
fied to co-localize with Dectin-1-phosphorylated hem-ITAM 
and to negatively modulate ROS production in a Dectin/Syk/
PI3K/PDK1/NADPH oxidase-dependent manner in response to  
C. albicans infection (140). Thus, a novel role of SHIP-1 in 
selectively controlling the balance of effectors in the Syk/PI3K 
pathway has been identified. Phosphatase and tensin homolog 
deleted on chromosome 10 also serves as a negative modulator 
to regulate the PGE2/cAMP/PKA-signaling cascade via blocking 
F-actin-mediated cytoskeletal remodeling and dephosphorylating 
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cofilin-1 during immune defense against pathogenic C. albicans 
(141). Therefore, phosphorylation- and dephosphorylation-
mediated protein kinases and phosphatases are crucial for 
controlling antifungal immunity.

Ubiquitin Ligases and Deubiquitinating 
enzymes in Antifungal innate immunity
PTM of target proteins by polyubiquitination has been intensively 
studied in numerous biological systems (142–146). Seven lysine 
residues in ubiquitin determine the specific type of polyubiqui-
tination. Lysine 48 (K48)-linked polyubiquitination is involved 
in proteasome-mediated protein degradation, whereas lysine 
63-linked polyubiquitination is usually engaged in signal path-
way transmission (145). In addition to K48- and K63-linked 
polyubiquitination, K6-, K11-, K27-, K29-, and K33-linked 
polyubiquitination are being exploited to address their roles in 
immune responses and inflammatory diseases (145). Recently, 
a number of studies have highlighted an important role for 
ubiquitination of the CLR-signaling pathway in fungal immunity 
(130–133).

TRIM62
TRIM62, also named DEAR1, is a member of the TRIM/RBCC 
family, which includes proteins with conserved RING finger, 
B-box, and coiled-coil domains (147). It has been well estab-
lished that CARD9 positively modulates host immune responses 
following fungal infection. TRIM62 has been shown to function 
as a CARD9-binding component and to mediate K27-linked 
polyubiquitination of CARD9 at K125 to facilitate its protective 
role in anti-fungi immune responses (130). Similar to Card9–/– 
mice, Trim62–/– mice also show increased susceptibility, as well 
as impaired cytokine responses, in a C. albicans infection model 
(130). Therefore, TRIM62 acts as a positive regulator essential 
for CARD9-mediated antifungal immunity. TRIM62 or CARD9 
variants are therefore potential therapeutic targets for fungal 
infections (Figure 2).

Cbl-b
Cbl-b is a member of Cbl family RING finger E3 ubiquitin 
ligases (142, 148). Several other groups including ours identified 
RING finger-type E3 ubiquitin ligase Cbl-b as a key E3 ubiquitin 
ligase mediating host antifungal innate immunity (131–133). 
The genetic deletion of Cbl-b renders mice less susceptible to 
systemic C. albicans infection, which is in line with the hyper-
production of pro-inflammatory cytokines TNF-α and IL-6, the 
robust release of reactive oxygen species (ROS), and improved 
fungal killing. At the molecular level, Cbl-b targets Dectin-1, 

Dectin-2, Dectin-3, and SYK for K48-linked polyubiquitination 
and proteasome-mediated degradation, which further facilitates 
its anti-inflammatory response (131–133). Interestingly, Cbl-b 
small-inhibitory peptides and Cbl-b-specific siRNA provide 
protective efficacy against disseminated candidiasis (131, 132). 
Therefore, targeting Cbl-b may be a potential therapeutic strategy 
for disseminated candidiasis (Figure 2).

A20
A20 is a deubiquitination enzyme which is pivotal for tailoring 
innate immune responses by inhibiting the NF-κB-signaling 
cascade (149). IKKγ and TRAF6 activities are dampened in a non-
catalytic manner by A20 (149, 150). A recent study showed that A20 
is removed by autophagy, which further boosts NF-κB capacity in 
F4/80hi tissue-resident macrophages to facilitate the pathogen clear-
ance during disseminated Candida infection (151).

CONCLUSiON

Much progress has been made to unveil the underlying mecha-
nisms of fungal immunity. CLRs are considered to be pivotal 
in orchestrating innate and adaptive immunity against fungal 
pathogens based on animal and some human genetic studies. The 
discovery of novel molecules such as Cbl-b and JNK in anti-fungi 
immune responses has laid the foundation for potential treatment 
strategies. Yet, the exact crosstalk between innate and adaptive 
antifungal immunities, and the yet-to-be-defined PTMs, needs 
to be resolved in future studies. Moreover, translational studies 
of newly identified molecular targets are essential for future 
clinical application. Thus, the studies described in this review 
provide direction for the rational design of therapeutic strategies 
in disseminated candidiasis; however, further translational stud-
ies with animal models remain to be performed before moving 
forward into clinical application.
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The syk-coupled c-Type lectin 
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brasiliensis recognition by human 
Plasmacytoid Dendritic cells
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Vera Lúcia Garcia Calich and Flávio Vieira Loures*†
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Plasmacytoid dendritic cells (pDCs), which have been extensively studied in the context 
of the immune response to viruses, have recently been implicated in host defense mech-
anisms against fungal infections. Nevertheless, the involvement of human pDCs during 
paracoccidioidomycosis (PCM), a fungal infection endemic to Latin America, has been 
scarcely studied. However, pDCs were found in the cutaneous lesions of PCM patients, 
and in pulmonary model of murine PCM these cells were shown to control disease 
severity. These findings led us to investigate the role of human pDCs in the innate phase 
of PCM. Moreover, considering our previous data on the engagement of diverse Toll-like 
receptors and C-type lectin receptors receptors in Paracoccidioides brasiliensis recogni-
tion, we decided to characterize the innate immune receptors involved in the interaction 
between human pDCs and yeast cells. Purified pDCs were obtained from peripheral blood 
mononuclear cells from healthy donors and they were stimulated with P. brasiliensis with 
or without blocking antibodies to innate immune receptors. Here we demonstrated that 
P. brasiliensis stimulation activates human pDCs that inhibit fungal growth and secrete 
pro-inflammatory cytokines and type I IFNs. Surprisingly, P. brasiliensis-stimulated pDCs 
produce mature IL-1β and activate caspase 1, possibly via inflammasome activation, 
which is a phenomenon not yet described during pDC engagement by microorganisms. 
Importantly, we also demonstrate that dectin-2 and dectin-3 are expressed on pDCs and 
appear to be involved (via Syk signaling) in the pDC-P. brasiliensis interaction. Moreover, 
P. brasiliensis-stimulated pDCs exhibited an efficient antigen presentation and were able 
to effectively activate CD4+ and CD8+ T cells. In conclusion, our study demonstrated for 
the first time that human pDCs are involved in P. brasiliensis recognition and may play an 
important role in the innate and adaptive immunity against this fungal pathogen.

Keywords: paracoccidioidomycosis, plasmacytoid dendritic cells, c-type lectin receptors, dectin-2, dectin-3,  
type i iFns, inflammasome
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inTrODUcTiOn

Paracoccidioidomycosis (PCM), the most prevalent and 
endemic deep mycosis in Latin America, is caused by the 
thermally dimorphic fungus Paracoccidioides brasiliensis. 
The resistance to this disease was linked to the secretion of 
Th1 cytokines in humans and murine models of PCM, while 
reduced Th1 immunity and the predominant secretion of Th2 
cytokines associate with systemic and progressive illness (1, 2).  
The role of Th17 immunity is poorly defined. Nevertheless, 
in PCM patients, IL-17-expressing cells have been observed 
in cutaneous and mucosal lesions and they have been associ-
ated with the development of granulomas (3). Moreover, 
the varied patterns of T  cell responses in patients with PCM 
lead to diverse clinical manifestations. In infected asymp-
tomatic individuals, the resistance to infection was shown 
to be mediated by the Th1 response, which is essential for 
macrophage activation and fungal killing, while the juvenile 
form, the most severe form of the disease, presents a dominant  
Th2/Th9 response and an elevated antibody response. In adult 
form of the disease, a chronic inflammatory response involving 
Th1 and Th17-mediated immunity was also described (2).

Plasmacytoid dendritic cells (pDCs) are a DC subset largely 
involved in immune responses against viruses (4, 5). Following 
Toll-like receptors (TLRs) stimulation, the pDCs mature and 
become potent antigen-presenting cells (APCs), upregulating 
MHC and costimulatory molecules, and secreting high levels 
of cytokines such as IFN-α and TNF-α. Activated mature pDCs 
prime naive T cells for Th1 or Th17 differentiation (6, 7). Outside 
of viral infections, important roles for pDCs have been descr-
ibed in the immune response against fungal infections (8–12).  
A pioneer study showed that human pDCs interact to and inhibit 
the growth of Aspergillus fumigatus-hyphae. Moreover, in  vivo 
depletion of pDC confers hyper-susceptibility to aspergillosis 
in mice. In addition, it was also demonstrated that dectin-2, a 
C-type lectin receptor (CLR) expressed by human pDCs, acts 
in collaboration with the FcRγ chain to recognize hyphae of 
A. fumigatus. This interaction induces the synthesis of TNF-α and 
IFN-α, and facilitates efficient antifungal activity. Additionally, pDCs 
stimulated by A. fumigatus hyphae exhibit a characteristic gene 
expression signature, leading to the formation of extracellular traps 
(pETs) (10). P. brasiliensis was also shown to be recognized by murine 
pDCs. In vitro stimulation of bone marrow-derived DCs (BMDCs) 
from susceptible (B10.A) mice induces a prevalent inflammatory 
myeloid phenotype characterized by the secretion of high levels of 
IL-12, TNF-α, and IL-1β. In contrast, in BMDCs from the resistant 
(A/J) mice a varied population of myeloid cells and pDCs secreting 
inflammatory cytokines and expressing high levels of secreted and 
membrane-bound TGF-β were observed following BMDCs stimu-
lation with fungal cells (8). Importantly, in 24 of 46 PCM patients, 
the presence of pDCs was verified when their cutaneous lesions were 
immunostained with anti-pDC specific antibodies (11). In addition, 
peripheral blood pDCs appeared in lower numbers in PCM patients 
compared to the number of blood pDCs found in health donors, 
suggesting that pDCs migrate to the lymph nodes, spleen, and target 
organs  during a P. brasiliensis infection (12). Taking in account 
these findings and the fact that human innate immunity against  

P. brasiliensis infection is poorly defined, we aimed to investigate the 
interaction of human pDCs withP. brasiliensis yeast cells. Moreover, 
considering our previous data on the engagement of TLRs, comple-
ment receptor-3, and CLRs in P. brasiliensis recognition (13–17), we 
considered that it would be important to define the class of innate 
receptors involved in fungal recognition by human pDCs. Here, 
we show that when stimulated by P. brasiliensis yeast cells human 
pDCs are activated, produce inflammatory cytokines, and acquire 
enhanced fungicidal activity. In addition, we demonstrate that  
P. brasiliensis recognition by human pDCs is mediated by dec-
tin-2 and dectin-3, and is regulated by Syk signaling. Our study 
of the secretion of mature IL-β and caspase-1 activation has also 
indicated that P. brasiliensis recognition triggers inflammasome 
activation in human pDC, a finding that, as far we know, has not 
been described previously. Finally, our data also suggested that  
P. brasiliensis activated pDCs can prime the activation of CD4+ and 
CD8+ T cells, and may participate in the acquired immunity to this 
pathogen.

MaTerials anD MeThODs

ethics statement
All research involving human participants was approved by the 
Institute of Biomedical Science Institutional Ethics Committee. 
Written informed consent was obtained from all human partici-
pants and all clinical investigations were conducted according to 
the principles expressed in the Declaration of Helsinki.

isolation of human pDcs, mDcs,  
and cD3+ cells
The human pDCs were isolated from healthy donors using mag-
netic beads as previously described (10). About 120 mL of the 
peripheral blood was collected by venipuncture. The blood sam-
ples was anticoagulated with heparin, and the peripheral blood 
mononuclear cells (PBMCs) were purified by Ficoll-Hypaque 
density gradient centrifugation. The PBMCs were stained with 
CD304-coated magnetic beads (Miltenyi Biotec) and the pDCs 
were isolated after two rounds of positive selection. For flow 
cytometric experiments in which pDCs were gated using an 
anti-CD123 antibody, only one round of positive selection was 
run. For some experiments, the flow-through cells (here called 
pDC− cells), which consisted of PBMCs depleted of CD304+ cells, 
were also collected. For coculture experiments, purified human 
myeloid dendritic cells (mDCs) and CD3 cells were obtained 
from PBMCs by positive selection using magnetic beads (Miltenyi 
Biotec). mDCs were also used in qPCR experiments. The purity 
of the cell populations was confirmed by assessing the expression 
of CD123, CD1c, and CD3 as pDC, mDC, and lymphocyte mark-
ers, respectively, by flow cytometry. The purity of pDCs, mDCs, 
and CD3+ cells always exceeded 95%.

P. brasiliensis Yeast cells and pDc 
stimulation
Paracoccidioides brasiliensis yeast cells were maintained by 
weekly cultivation in Fava Netto culture medium at 37°C and 
used on day 7 of culture. The highly virulent P. brasiliensis  
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FigUre 1 | Plasmacytoid dendritic cells (pDCs) interact with and control Paracoccidioides brasiliensis growth. (a,B) Peripheral blood mononuclear cells (PBMCs) 
were separated into pDC positive (pDCs+) using magnetic beads conjugated to an anti-CD304 antibody. The cells (2 × 105/well) were challenged for 4 h with  
P. brasiliensis yeast cells (2 × 105/well) previously labeled with FITC. Some wells were treated with CpG (100 ng/mL) or LPS (10 ng/mL) before the challenge.  
After 4 h of culture, the cells were labeled with an anti-CD123 antibody (specific to human pDCs) in the appropriate titration, and then 50,000 events were acquired 
by flow cytometry. (B) Dot plots are representative results for an experiment from three independents experiments. (c) Data represent means ± SE of the pDC– 
P. brasiliensis interaction from three donors, tested in triplicate **p < 0.01. (D) For CFU analysis, PBMCs were separated into pDC-positive (pDCs+) and pDC-
negative (pDC−) fractions using CD304-coated magnetic beads. The pDCs+ and flow through-cells (1 × 105/well) were then challenged with P. brasiliensis yeast cells 
in different ratios of pDC: Pb, such as 10:1, 25:1 and 50:1 (1 × 104, 4 × 103, and 2 × 103 yeasts, respectively). After 18 h of culture, the plates were centrifuged and 
the supernatant was collected for cytokine measurements by ELISA. The pellet was lysed and suspended in 200 µL of phosphate-buffered saline. Next, 100 µL  
was transferred to BHI medium and the colonies (CFU) counted for 15 days. Data represent means ± SE of CFU from four donors, tested in triplicate. *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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18 isolate was used in this study. To determine the viability of 
fungal cell suspensions we used Janus Green B vital dye (Merck), 
and the viability was always greater than 95%. For colony-
forming units (CFU) and ELISA experiments, pDC (1  ×  105) 
or flow through-cells (pDC−) were challenged overnight with  
P. brasiliensis in different ratios of pDC:P. brasiliensis, such as 
10:1, 25:1, and 50:1 (1 × 104, 4 × 103, and 2 × 103 yeasts, respec-
tively) as indicated in the figure legends.

reagents and cell culture
The RPMI-1640 media was obtained from GIBCO (Invitrogen) 
and was supplemented with 100  U/mL penicillin, 100  U/mL 
streptomycin, and 2  mM l-glutamine. IgG Rat monoclonal 
anti-dectin-1 (Biolegend), dectin-2 (R&D System), dectin-3 
(Biolegend), and antimincle (InvivoGen) blocking antibodies 
were used in the concentration indicated in the figure legends. The 
TLR-9 antagonist (A151, TTAGGG oligonucleotide sequence, 
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FigUre 2 | Proinflammatory and type I IFNs cytokines released by 
plasmacytoid dendritic cells (pDCs) stimulated with Paracoccidioides 
brasiliensis yeast cells. Peripheral blood mononuclear cells (PBMCs) were 
separated into pDC-positive (pDCs+) and pDC-negative (pDCs−) populations 
using magnetic beads conjugated to anti-CD304 antibodies. The cells 
(1 × 105/well) were left without stimulation or challenged overnight with of  
P. brasiliensis yeast cells (2 × 103), CpG (100 ng/mL), or LPS (10 ng/mL).  
The supernatant was removed and the levels of IL-6, TNF-α (a), and type I 
IFNs (B) were analyzed by ELISA. Data are represented as the mean ± SE of 
the average cytokine concentrations from five donors, tested in duplicate. 
***p < 0.001 by comparing the data indicated by the bar.
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10 µg/mL), TLR-7/9 inhibitor Bafilomycin A1 (10 µg/mL), and 
the immunostimulatory CpG 2336 oligonucleotide (100  ng/mL) 
were purchased from InvivoGen. Ultrapure Escherichia coli 
LPS (10 ng/mL) and the Syk inhibitor piceatannol (10 µM) was 
purchased from Sigma.

P. brasiliensis–pDc interaction
Paracoccidioides brasiliensis yeast cells were labeled with 
fluorescein isothiocyanate (FITC) as previously described (18). 
Briefly, the yeasts were washed in phosphate-buffered saline 
(PBS, pH  =  7.4) and heat-killed at 60°C for 1  h. To eliminate 
the aggregates, the yeast cells suspension was subjected to three 
cycles of sonication for 10 s each (21% amplitude) with Sonics 
(Vibra Cell VCX 750, Sonics & Materials). The yeasts were washed 
twice with PBS, counted and adjusted to 1 × 106 cells/mL, and 
then incubated with FITC (100 µg/mL, Sigma) for 25–30 min at 
36°C. The yeast suspension was then washed with PBS twice. The 
pDCs (2 × 105) were challenged for 4 h with P. brasiliensis-FITC 
(1 × 105) at a ratio of 2:1 at 36°C in 5% CO2 to permit fungi adhe-
sion and ingestion. The cells were then harvested and the pDCs 
were labeled with anti-CD123 (eBioscience) antibody for 25 min 
at 4°C. Because P. brasiliensis yeast cells are highly variable in size 
and granularity (different sizes, number of buds, and number of 
nuclei), the granulocyte gates defined by size (FSC) and granular-
ity (SSC) in order to determine the pDC population were not 

used. A minimum of 50,000 events were acquired on a FACScanto 
II flow cytometer (BD Biosciences) using the FACSDiva software 
(BD Biosciences). The data were analyzed using the FlowJo 
software (Tree Star).

cytokine Measurements
The pDCs were cultured in 96-well plates in pDC media.  
The cells were left untreated or incubated with anti-dectin-1, dec-
tin-2, dectin-3, or antimincle antibodies (100 µg/mL) for 30 min 
at 37°C. The pDCs were then challenged with P. brasiliensis yeast 
cells at a final volume of 200 µL in pDC media at the ratios indi-
cated in the figure legends. Control wells contained pDCs only, 
pDCs and antibodies, pDCs and CpG, or pDCs and LPS. For 
the inhibition of TLR-9, pDCs were left untreated or incubated 
for 30 min with either 10 µg/mL of bafilomycin A1 or 10 µg/mL 
of the TLR-9 antagonist A151. After 18 h of incubation at 37°C, 
the supernatants were removed and the levels of TNF-α, IL-6, 
IL-1β, IFN-α, and IFN-β were measured by ELISA according to 
the manufacturers’ protocols (eBioscience for TNF-α and IL-6; 
Biolegend for IL-1β; PBL Assay Science for IFN-α and IFN-β).

cFU assays
The number of viable microorganisms in cell cultures was per-
formed by counting the number of CFU as previously described 
(19). Briefly, after 18 h of coculture, the plates were centrifuged 
(400  g, 10  min, 4°C), and the supernatant was collected for 
cytokine measurements by ELISA. The wells were lysed with 
200 µL of distilled water. The suspensions were collected in indi-
vidual tubes and centrifuged (400 g, 10 min, 4°C). The pellet was 
suspended in 1 mL of PBS, and 100 µL of each lysate was spread 
onto BHI medium. The colonies (CFU) were counted for 15 days.

pDc Flow cytometric analysis
The pDC+ populations (2 × 105/well) were either left unstimu-
lated or challenged overnight with P. brasiliensis yeast cells 
(4  ×  103). For cell-surface staining, the pDCs were washed 
and suspended at 2 × 105 cells/mL in staining buffer (PBS, 2% 
fetal calf serum, and 0.1% NaN3) and then stained in the dark 
for 20 min at 4°C with the optimal dilution of anti-123, CD86, 
MHC-II antibodies. The cells were then washed twice with 
staining buffer, suspended in 200  µL of paraformaldehyde 
(PFA) to fix the cells. To measure caspase-1 activity, the pDCs 
were adjusted to 2 × 105 viable cells in 20 µL of apoptosis wash 
buffer. Cells were stained with FLICA probe according to the 
manufacturer’s protocol (Immunochemistry Technologies) for  
1 h at 37°C in 5% CO2. Control wells contained untreated pDCs, 
pDC and CpG, or pDC and LPS. In some experiments, cells were 
treated with 1  mM ATP (Sigma-Aldrich) for 15  min and then 
stained with FLICA probe. Active caspase-1 was then measured 
by flow cytometry as previously described (16). To exclude 
dead cells, the Live/Dead Fixable Violet Cell Stain Kit (Life 
Technologies) was used according to the manufacturer’s instruc-
tions. A minimum of 50,000 events were acquired on a FACScanto 
II flow cytometer (BD Biosciences) using the FACSDiva software 
(BD Biosciences). The pDCs were gated based upon their forward 
and side light scatter. The cell surface expression of pDC markers 
was analyzed using FlowJo software (Tree Star).
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FigUre 3 | Plasmacytoid dendritic cell (pDC) exposed to Paracoccidioides brasiliensis yeast cells secretes mature IL-1β and express activated caspase-1.  
(a) Peripheral blood mononuclear cells (PBMCs) were separated into pDC positive (pDCs+) cells using magnetic beads conjugated to anti-CD304 antibodies.  
The cells (1 × 105/well) were then left without stimulation or challenged overnight with P. brasiliensis yeast cells (2 × 103), CpG (100 ng/mL), or LPS (10 ng/mL).  
The supernatant was removed and the levels of IL-1β were analyzed by ELISA. Data are represented as the mean ± SE of the average cytokine concentrations  
from three donors, tested in duplicate. *p < 0.05 by comparing the data indicated by the bar. (B,c) Caspase-1 activity was evaluated by flow cytometry. PBMCs 
were separated into pDC positive (pDCs+) populations using magnetic beads conjugated to anti-CD304 antibodies. The cells (2 × 105/well) were left without 
stimulation or challenged overnight with P. brasiliensis yeast cells (4 × 103), CpG (100 ng/mL), or LPS (10 ng/mL). Cells were stained with FLICA probe for 1 h  
and the percentage of CD123+FLICA+ cells were determined by flow cytometry. (B) Dot plots are representative results of an experiment from two independent 
experiments. (c) Data are represented as the mean ± SE of CD123+FLICA+ cells from two donors, tested in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001 by 
comparing the data indicated by the bars.
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rna isolation and relative gene 
expression analysis
Total RNA was isolated and converted into cDNA from 2 × 105 
purified pDC+ and mDC+, unstimulated or challenged overnight 

with P. brasiliensis yeast cells (4 × 103), using the TaqMan Gene 
Expression Cells-to-CT kit according to manufacturer’s protocol 
(Applied Biosystems, Thermofisher Scientific). The  expression  
of CLEC7A/DECTIN1, CLEC6A/DECTIN2, CLEC4D/DECTIN3, 
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FigUre 4 | Toll-like receptor (TLR)-9 is not used by plasmacytoid dendritic 
cells (pDCs) to sense Paracoccidioides brasiliensis yeast cells. peripheral 
blood mononuclear cells were separated into pDC-positive populations 
(pDCs+) using magnetic beads conjugated to anti-CD304 antibody. The cells 
(1 × 105/well) were challenged overnight with P. brasiliensis yeast cells 
(2 × 103). Some wells were kept unstimulated, with only the yeasts, and LPS 
(100 ng/mL). Some cultures were treated with an TLR-9 antagonist (A151, 
TTAGGG, 10 µg/mL) or with the TLR-9 inhibitor Bafilomycin A1 (10 µg/mL) 
before challenging either with the yeasts or with the positive control for TLR-9 
activation CpG (100 ng/mL). After 18 h of culture, the plates were centrifuged 
and the supernatant was collected for cytokine measurements by ELISA.  
The pellet was lysed and suspended in 200 µL of phosphate-buffered saline. 
Next, 100 µL was transferred to BHI medium, and the colonies (CFU) were 
counted for 15 days. Data represent the means ± SE of the CFU and 
cytokine concentrations from three donors, tested in triplicate. *p < 0.05 
comparing the group maintained only with the fungus with the others.

Preite et al. Behavior of Human pDC upon P. brasiliensis Stimulation

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 464

CLEC4E/MINCLE was evaluated using gene-specific TaqMan 
assays (Applied Biosystems) and qPCR on a MxP3000P Real-
Time PCR System (Stratagene). Raw expression data (Ct) were 
normalized with the expression of the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase/GAPDH (ΔCt). 
Relative expression of the target genes was calculated as 2−ΔCt 
according to Schmittgen and Livak (20), comparing stimulated 
and unstimulated cells (ΔΔCt = ΔCtPb − ΔCtUnstimulated).

pDc/mDc and lymphocyte coculture
The pDCs+ or mDCs+ populations (1 × 105/well) were challenged 
with P. brasiliensis yeast cells (1  ×  104) for 2  h and cocultured 
with CD3+ cells (1 × 106) for 5 days at 37°C in 5% CO2. All cells 
populations were isolated from the same donor. The ratio DCs 
to lymphocytes (1:10) was determined in a previous study (15). 
For cell-surface staining, the cocultured cells were washed and 
suspended at a concentration of 5  ×  105 cells/mL in staining 
buffer (PBS, 2% fetal calf serum and 0.1% NaN3). They were then 
stained in the dark for 20 min at 4°C with the optimal dilution 
of anti-CD4, CD8, CD25, and anti-CD69 antibodies. The cells 
were then washed twice with staining buffer, and suspended 
in 200 µL of PFA to fix the cells. A minimum of 50,000 events  
were acquired on FACScanto II flow cytometer (BD Biosciences) 
using the FACSDiva software (BD Biosciences). The lymphocytes 
were gated based upon forward and side light scatter. The cell 
surface expression of lymphocyte markers was analyzed using 
FlowJo software (Tree Star).

statistical analysis
For comparisons of two groups, the means ± SE were analyzed 
using the two-tailed unpaired Student’s t-test with the Bonferroni 
correction applied when making multiple comparisons. For com-
parisons of more than two groups, significance was determined 
using the one- or two-way analysis of variance with the Tukey 
multiple corrections. Kruskal–Wallis test was applied in RT-PCR 
experiments. All data were collected and analyzed from at least 
three independent experiments. The levels of significance were 
p < 0.05 (*p < 0.05, **p < 0.01, and ***p < 0.001). Calculations 
were performed using a statistical software package (GraphPad 
Prism 6.0).

resUlTs

The P. brasiliensis–pDc interaction  
and Fungicidal activity
Initially, we investigated the ability of human pDCs to interact 
and phagocytose P. brasiliensis yeast cells. PBMC-isolated pDCs 
were challenged with FITC-conjugated P. brasiliensis (Figure 1A) 
for 4 h, and the frequency of adhered or ingested P. brasiliensis 
yeast cells by pDCs was determined by counting the number 
of labeled pDC (CD123+ cells) containing Pb-FITC (CD123+ 
Pb-FITC+). Figure 1B shows that about 17% of the total pDCs 
were double-positive for CD123 and Pb-FITC, suggesting that 
pDCs interacted with P. brasiliensis yeast cells. Considering 
that human pDCs are TLR-9+ and TLR-4− (21, 22), the TLR-4 
bacterial LPS agonist and the TLR-9 CpG agonist were used in 
some experiments to specifically prime pDCs to enhance their 
phagocytic ability. As expected, the ability of pDCs to interact 
with the yeasts did not significantly change in the presence of 
LPS. However, the addition of CpG enhanced the P. brasilienis–
pDC interaction (Figures 1B,C).
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FigUre 5 | Dectin2, dectin-3, and Syk signaling activate the fungicidal activity of plasmacytoid dendritic cells (pDCs). Peripheral blood mononuclear cells were 
separated into pDC-positive populations (pDCs+) using magnetic beads conjugated to anti-CD304 antibody. The cells (1 × 105/well) were challenged overnight with 
P. brasiliensis yeast cells (2 × 103). (a) Some cultures were treated with anti-dectin-1, dectin-2, or with a Syk pathway inhibitor, piceatannol (10 µM). (B) The Syk 
inhibitor (10 or 100 µM) was also cultured with P. brasiliensis yeast cells only. (c) Futher, anti-mincle and anti-dectin-3 antibodies (100 µg/mL) were also used,  
before challenging with P. brasiliensis yeast cells. After 18 h of culture, the plates were centrifuged, and the supernatant was collected for cytokine measurements by 
ELISA. The pellet was lysed and suspended in 200 µL of phosphate-buffered saline. Next, 100 µL was transferred to BHI medium, and the colonies (CFU) were 
counted for 15 days. Data represent the means ± SE of the CFU from three donors, tested in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001 by comparing the data 
indicated by the bars.
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To analyze the fungicidal ability of human pDCs, the PBMCs 
were separated into pDC+ or pDC− populations. The pDC− frac-
tion is composed of the flow-through cells resulting from the pDC 
isolation. This fraction, used as a control in some assays, contains 
mostly non-pDC PBMCs such as conventional DCs, monocytes, 
lymphocytes and small fractions of other cell subpopulations.  
The depletion of pDC was able to reduce the frequency of pDC on 
the PBMCs in about 90% (Figure S1 in Supplementary Material) 
resulting in less than 0.2% of pDC in the PBMCs. The cells were 
challenged overnight with P. brasiliensis yeast cells in different 
pDC: Pb ratios (10:1, 25:1, and 50:1). Figure  1D shows that 
only in the 50:1 ratio were pDCs able to control fungal growth.  
The pDC− fractions, however, showed fungicidal activity at ratios 
of 25:1 and 50:1.

cytokine release by human pDcs 
stimulated by P. brasiliensis Yeast cells
Next, we examined whether the interaction between the pDCs 
and P. brasiliensis yeast cells could induce the secretion of inflam-
matory cytokines. The pDCs were challenged with P. brasiliensis 
for 18 h, and the levels of TNF-α and IL-6 in the culture super-
natants were determined. Both cytokines were secreted by pDCs, 
but only TNF-α levels were increased by P. brasiliensis-stimulated 

pDCs. The TLR-9 ligand, CpG, strongly stimulated the pDCs, 
whereas the TLR-4 ligand, LPS, failed to stimulate these cells to 
produce either TNF-α or IL-6. As expected, LPS stimulated the 
pDC− fraction (which contained LPS-responsive monocytes) to 
release TNF-α and IL-6 (Figure 2A).

Next, we examined whether the interaction of pDCs with  
P. brasiliensis yeast cells could increase type I IFN release. 
Both IFN-α and IFN-β were secreted by pDCs+ following 
stimulation with P. brasiliensis yeast cells. Once again, CpG 
strongly stimulated the pDCs, while LPS failed to activate these  
cells (Figure 2B).

P. brasiliensis induces Production of il-1β 
and increases caspase-1 activity in 
human pDcs
An emerging area of investigation examines the participation of 
the inflammasome in fungal infections (16, 23). The inflamma-
some is a multiprotein cytoplasmic complex assembled after an 
innate immune receptor [e.g., NOD-like receptor family, pyrin 
domain-containing (NLRP) 1, NLRP3, or absent in melanoma 2 
(AIM2)] is activated by a pathogen-associated molecular pattern 
(PAMPs) or damage-associated molecular pattern. This results in 
a multi-protein platform that activates caspase-1, which processes 
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FigUre 6 | Dectin-2/Syk signaling controls the secretion of cytokines by 
Paracoccidioides brasiliensis stimulated plasmacytoid dendritic cells (pDCs). 
Peripheral blood mononuclear cells were separated into pDC-positive 
populations (pDCs+) using magnetic beads conjugated to anti-CD304 
antibodies. The pDCs (1 × 105/well) were challenged overnight with of  
P. brasiliensis yeast cells (2 × 103). Some wells were kept only with the 
yeasts, CpG (100 ng/mL), or LPS (10 ng/mL). Some cultures were treated 
with anti-dectin-2 antibody (100 µg/mL) or with a Syk pathway inhibitor, 
piceatannol (10 µM), before challenging with P. brasiliensis yeast cells.  
After 18 h of culture, the plates were centrifuged and the supernatant was 
collected for cytokines measurements by ELISA. Data are represented by  
the means ± SE of the average cytokine concentrations from four donors, 
tested in duplicate. ***p < 0.001 and *p < 0.05 comparing the data  
indicated by the bars.
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pro-IL-1β and pro-IL-18 into their biologically active or mature 
forms (24).

In our experiments, P. brasiliensis yeast cells induced a signifi-
cant production of IL-1β by pDCs. Importantly, treatment with 
CpG or LPS alone did not significantly increase IL-1β production 
by these cells (Figure 3A). Accordingly, caspase-1 activation was 
strongly induced in P. brasiliensis-stimulated pDCs, more than 
in LPS-treated or CpG-treated pDCs (Figures 3B,C). However, 
when pDCs received both signals (CpG and yeasts), enhance-
ment in the activity of caspase-1 was observed. Importantly, 
the addition of 1 mM ATP to the cultures increased caspase-1 
activity and IL-1β production, suggesting that a purinergic 
signaling could be involved in inflammasome activation by  
P. brasiliensis. To our knowledge, increased extracellular ATP 
activates NLRP3-inflammasome through the binding on P2 × 7 
purinergic receptor inducing a K+ efflux which in turn activates 
NLRP3 (25). Deeper investigations are needed to confirm the 
involvement of ATP-P2  ×  7-NLRP3 axis in pDC response to  
P. brasiliensis, although the involvement of P2 ×  7 receptor in 
the immunoprotection of murine PCM was demonstrated in  
our previous studies (26).

The role of Tlr-9 in the P. brasiliensis–
pDc interaction
Several studies have demonstrated that TLR-9 is an important 
PRR used by pDCs during their interaction with microorgan-
isms. We have assessed the role of TLR-9 in the sensing of  
P. brasiliensis by human pDCs using two reagents that inhibit this 
receptor. Thus, the influence of bafilomycin A1, an endosomal 
acidification inhibitor known to interfere with TLR-9 signal-
ing (27), and the TLR-9 antagonist A151 (28), on the ability of 
pDCs to kill P. brasiliensis and release cytokines was determined.  
Both TLR-9 inhibitors showed no effects on P. brasiliensis growth 
or IFN-α secretion. Furthermore, bafilomycin A1 did not affect 
TNF-α production. As expected, both inhibitors abrogated 
CpG-stimulated type I IFN release (Figure 4). These data sug-
gest that P. brasiliensis is recognized by human pDCs in a TLR- 
9-independent manner.

The role of clrs in the P. brasiliensis–
pDc interaction
Since P. brasiliensis recognition was observed to be TLR- 
9-independent, we assessed the role of some CLRs in fungal rec-
ognition by pDCs. CLRs are a large family of calcium-dependent 
carbohydrate binding molecules expressed by macrophages, 
DCs and other leukocytes (29). The mannose receptor (MR), 
dectin-1, dectin-2, dectin-3, and mincle receptors are examples 
of CLRs involved in antifungal immunity, although their func-
tion and signaling mechanisms are still being clarified (30). 
Anti-dectin-1, dectin-2, dectin-3, and mincle antibodies were 
used to block these receptors during the interaction of pDCs 
with P. brasiliensis yeast cells. We also used piceatannol (10 µM), 
which blocks the activity of the Syk enzyme, involved in CLR 
signaling. The specific blockade of dectin 2 and Syk, but not 
dectin 1, reduced the fungicidal ability of pDCs. This indicated 
the involvement of dectin-2/Syk signaling during fungal 

recognition and activation of pDCs (Figure 5A). Importantly, 
the Syk inhibitor piceatannol did not compromise fungal growth 
even when a high concentration (100  µM) was used in the  
P. brasiliensis culture (Figure  5B). We also investigated the 
role of dectin-3 and mincle receptors during the recognition of  
P. brasiliensis yeast cells by pDCs, because both CLRs were not 
previously studied in innate immunity against P. brasiliensis 
infection. Interestingly,  dectin-3 but not mincle blocked by 
 specific antibodies prior to P. brasiliensis stimulation, improved 
the recovery of yeast cells from the pDC-P. brasiliensis cocul-
tures (Figure 5C).

Regarding cytokines released, an impaired production of 
TNF-α, IL-1β, and IFN-β was observed when dectin-2 or Syk 
were inhibited. No inhibition of IL-6 production was observed 
when the Syk pathway or dectin-2 were blocked (Figure  6).  
We also observed a reduction in the production of TNF-α 
and IL-1β following treatment with anti-dectin-3 antibody 
(Figure  7A). In line with the CFU results, treatment with the 
anti-mincle antibody did not influence cytokine production by 
P. brasiliensis-stimulated pDCs (Figure  7B). Again, treatment 
with both anti-dectin-3 and mincle antibodies did not alter  
IL-6 production. Importantly, in contrast with the absence of 
blocking activity on pDC, the anti-mincle antibody blocked 
mDC (Figure S2 in Supplementary Material).
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FigUre 7 | Dectin-3, but not mincle, controls cytokine secretion by Paracoccidioides brasiliensis stimulated plasmacytoid dendritic cells (pDCs). Peripheral blood 
mononuclear cells were separated into pDC-positive populations (pDCs+) using magnetic beads conjugated to anti-CD304 antibodies. The pDCs (1 × 105/well) were 
challenged overnight with P. brasiliensis yeast cells (2 × 103). Some wells were treated only with the yeasts or with LPS (10 ng/mL). Some cultures were treated with 
(a) anti-mincle (100 µg/mL) or (B) anti-dectin-3 antibody (100 µg/mL). After 18 h of culture, the plates were centrifuged, and the supernatant was collected for 
cytokine measurements by ELISA. Data are represented as the mean ± SE of the average of cytokine concentrations from four donors, tested in duplicate. 
***p < 0.001 and *p < 0.05 comparing the data indicated by the bar.
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When the expression of DECTIN1, DECTIN2, DECTIN3 
and MINCLE genes was investigated in mDCs and pDCs, we  
observed that while all genes were expressed in mDCs, 
only DECTIN2 and DECTIN3 were found on human pDCs, 
therefore explaining the previously mentioned lack of effect 
of blocking antibodies for dectin-1 and mincle in pDC activa-
tion. The basal expression of DECTIN2 resulted significantly 
higher in pDC compared to mDC (p  =  0.005) (Figure  8A). 
When DCs where stimulated by P. brasiliensis yeast cells, the 
expression of DECTIN2 and DECTIN3 resulted downregulated 
compared to unstimulated resting cells (FC < 1) (Figure 8B). 
Of note P. brasiliensis induced a statistically significant down- 
regulation of DECTIN2 in mDCs (FC  =  0.10  ±  0.08; 
logFC  =  −1.49  ±  0.36; p  =  0.025), and of DECTIN2 
(FC  =  0.07  ±  0.02; logFC  =  −1.24  ±  0.17; p  =  0.005) and 
DECTIN3 (FC = 0.05 ± 0.02; logFC = −1.51 ± 0.24; p = 0.009) 
in pDCs. These results highlight the importance of CLRs in  
P. brasiliensis recognition by human pDCs.

pDc–lymphocyte interaction
Additional studies demonstrated that P. brasiliensis-challenged 
pDCs showed an increased expression of membrane molecules 
typically found in activated APCs. P. brasiliensis-stimulated 
pDCs presented a higher expression of both MHC-class 
II and the costimulatory molecule CD86 when compared 
with unstimulated counterparts (Figures  9A,B). Since this 

result indicated that the pDCs transitioned to a mature status 
upon P. brasiliensis stimulation, we investigated the role of 
pDCs as APCs. In this regard, we explored the priming of 
antigen-specific CD4+ and CD8+ T  lymphocytes in  vitro. 
The pDCs+ and mDCs+ populations were each challenged 
with P. brasiliensis yeast cells and cocultured with CD3+ cells 
for 5  days. The mDC-CD3 coculture was used as a positive 
control because the priming ability of mDCs to specific T lym-
phocytes was previously described (15). We verified that 
both pDCs and mDCs recognized, processed, and presented  
P. brasiliensis antigens to the T lymphocytes. A higher frequency 
of activated CD4+ T lymphocytes (CD4+CD25+) was observed 
in both cultures maintained with mDCs and pDCs compared to 
the group of lymphocytes cultured without P. brasiliensis stimu-
lation. A similar response was found for CD8+ T lymphocytes; 
however, the sensitized mDCs expanded a higher frequency 
of activated CD8+ T lymphocytes (CD8+CD69+) compared to 
the pDCs (Figures 9C,D, right panel). Importantly, the CD3+ 
cells did not respond to the DC stimulation in the absence of  
P. brasiliensis in the coculture (Figure 9D, left panel).

DiscUssiOn

The involvement of pDCs has been prominently described in viral 
infections (5). However, recent studies have opened new roles 
of pDCs to other types of pathogens, indicating an important 
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role for these cells in bacterial (32, 33) and fungal infections  
(8–12, 34). However, to our knowledge, no data are  available 
regarding the role of human pDCs in innate and adaptive 
 immunity against P. brasiliensis. Here, we show that human 
pDCs inhibit the growth of P. brasiliensis yeast cells. They also 
mature and produce cytokines upon stimulation with the yeasts.  
In addition, we have also demonstrated that dectin-2 and dectin-3 
(via Syk signaling) are pattern receptors involved in P. brasiliensis 
sensing by human pDCs.

Studies with FITC labeled yeasts showed that about 15% of 
pDCs interact with yeast cells. As flow cytometric assays can 
not distinguish between adherent and ingested yeasts we can 
not guarantee that the yeasts were phagocytosed by the pDCs. 
However, our further experiments showed that the lymphocytes 
activation promoted by the pDCs was P. brasiliensis-specific 

indicating that pDCs can phagocytose, process and present 
fungal antigens to the lymphocytes. In addition, CpG, a TLR-9 
agonist, has moderately increased the adhesion/engulfment of  
P. brasiliensis by pDCs. Although TLR-9 is not a phagocytic 
receptor, it is possible that the activation of pDCs via TLR-9 acti-
vates the cells and triggers mechanisms that promote the ability  
of pDCs to recognize the fungus. More importantly, we show in 
this study that human pDCs control fungal growth. Ramirez-
Ortiz et al. (9) were the first authors to describe a non-redundant 
role for human pDCs during host defense against a human 
fungal pathogen. Human pDCs spread over A. fumigatus hyphae, 
inhibited their growth and released inflammatory cytokines (9). 
A recent report has also shown that mouse and human pDCs 
have cytotoxic activity against the opportunistic fungal pathogen 
Cryptococcus neoformans. The mechanism involves reactive 
 oxygen species activity, which is distinct from that engaged by 
pDCs to control A. fumigatus infections (35).

The recognition of P. brasiliensis by human pDCs leads to 
TNF-α secretion. Although the pDCs were able to produce IL-6 
in response to an infection (36), the levels of this cytokine did 
not increase following P. brasiliensis stimulation. The release 
of TNF-α by human pDCs is in agreement with the previous 
report regarding A. fumigatus hyphae stimulation (9, 10).  
In addition, in a mouse model of PCM, our group verified that 
P. brasiliensis infection induced BMDCs of resistant A/J mice 
to generate a population of pDCs that secreted inflammatory 
cytokines, including TNF-α (8). This was the first evidence 
that pDCs were involved in the host response to P. brasiliensis.  
We have also demonstrated that mouse pDCs release TNF-α and 
type I IFNs in response to P. brasiliensis yeast cells (34), a finding 
confirmed in the current study of human pDCs. Although the 
roles of type I IFN and pDCs are well known in DNA and RNA 
viral infections (36), their function in fungal infections is poorly 
defined. Romani et al. did not observed IFN-α secretion by pDCs 
stimulated by A. fumigatus resting conidia (37) but the tissue 
invasive hyphal morphotype was shown to stimulate human 
pDCs to release IFN-α (9, 10).

Our previous studies showed that dectin-1 and Syk signaling 
activate the NLRP3 inflammasome in P. brasiliensis stimulated 
macrophages (16). Furthermore, type I IFNs were shown to 
induce the expression of inflammasome components such as 
those of the NLRP3, retinoic acid-inducible gene 1, and AIM2 
(38). This was in addition to the up-regulation of caspase-11, 
an enzyme required for the non-canonical activation of the 
NLRP3 inflammasome (39). These findings led us to investigate 
whether pDCs were able to activate the inflammasomes, activate 
caspase-1 and release IL-1β after P. brasiliensis stimulation. 
Our results showed that pDCs are capable of IL-1β release and 
caspase-1 activation, indicating that P. brasiliensis activates 
the pDCs inflammasome. This is a finding never described 
previously with regard to this DC subset during a host–microbe 
interaction.

Several PRRs, including dectin-1 (15, 17, 40), TLR-2 (13, 40), 
TLR-4 (14, 15, 40) and TLR-9 (41, 42) have been reported to rec-
ognize P. brasiliensis components. Human pDCs express several 
PPRs such as DC immunoreceptor, dectin-2, and siglec-H, but 
do not express TLR-2, TLR-4, and the CLRs dectin-1, MR, and 

FigUre 8 | DECTIN1/2/3 and MINCLE gene expression in myeloid dendritic 
cell (mDC) and plasmacytoid dendritic cell (pDC) stimulated with 
Paracoccidioides brasiliensis. mDCs and pDCs from four healthy individuals 
were either left unstimulated or challenged overnight with P. brasiliensis yeast 
cells. Then RNA was isolated from each condition and used to evaluate the 
expression of DECTIN1/2/3 and MINCLE genes by qPCR. GAPDH was used 
as housekeeping gene for raw data normalization. (a) Basal genes 
expression in mDC and pDC was calculated as ΔCt (ΔCt = CtGAPDH − Cttarget) 
as previously reported (31). Data are represented as mean (ΔCt) ± SE. 
Kruskal–Wallis test was applied to verify the significance of the difference 
between basal gene expression in mDC and pDC. When significant, the ΔCt 
of mDC versus pDC genes is indicated at the top of each bar (p). NA, not 
amplified. (B) The modulation of expression by P. brasiliensis was (20) 
calculated using the 2−ΔΔCt (fold-change, FC) method comparing 
stimulated and unstimulated cells (ΔΔCt = ΔCtPb − ΔCtUnstimulated). Data 
are represented as mean (logFC) ± SE. Student’s t-test was applied to verify 
the significance of the FC. When significant, the fold-change of stimulated 
versus unstimulated cells is indicated at the top of each bar (p).
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DC-SIGN (43–46). In a previous study, we verified that dectin-2 
participates in the interaction of pDC and A. fumigatus-hyphae 
and that this recognition leads to TNF-α and IFN-α release by  
the pDCs as well as improved antifungal resistance (10). In this  
study, we have also investigated the role of some PRRs in  
P. brasiliensis recognition by pDCs. Our studies show that TLR-9 
does not play a role in the P. brasiliensis–pDC interaction. 
These results are similar to those found during the studies with  

A. fumigatus hyphae in which, the hyphae–pDC interaction was 
also TLR-9 independent (9). Although TLR-9 was reported as an 
important PRR in the control of murine PCM (41, 42), our data 
indicate that TLR-9 expressed by other innate immune cells was 
possibly responsible for this effect.

The cytoplasmic moieties of CLRs have an immunorecep-
tor tyrosine-based activation motif. These moieties engage the 
Syk tyrosine kinase, which transduces signals that activate the 

FigUre 9 | Paracoccidioides brasiliensis stimulation induces a mature phenotype in plasmacytoid dendritic cells (pDCs) that become able to promote the activation 
of CD4+ and CD8+ T lymphocytes. Peripheral blood mononuclear cells (PBMCs) were separated into pDC-positive (pDCs+) and myeloid dendritic cell (mDC)-positive 
(mDC+) population using magnetic beads conjugated to anti-CD304 and anti-CD1c antibodies, respectively. (a,B) For characterization of pDCs activation, the cells 
were labeled with appropriate titers of anti-CD123, MHC-class II, and CD86 antibodies and then 50,000 events were acquired in the flow cytometer and gated as 
indicated in the dot plots (a). As the pDC+ population was stained with an specific pDC marker (anti-CD123), the characterization of cell maturation was performed 
by obtaining the pDCs from the PBMCs following one round of positive selection. Data are the means ± SE of the frequency of double-positive cells from three 
donors, tested in triplicate (B). (c,D) For coculture experiments, the pDCs and mDCs (1 × 105/well) were cultured with or without P. brasiliensis yeast cells (1 × 104) 
and after 2 h they were then placed in cocultured with lymphocytes (1 × 106), which were previously obtained from PBMCs of the same donor and separated with 
anti-CD3 magnetic beads. After 5 days of coculture, the lymphocytes were analyzed by flow cytometry using anti-CD4, CD8, CD25, and anti-CD69 antibodies.  
The control wells contained only CD3+ cells. The lymphocyte population was gated by FSC/SSC analysis and the gated cells were then analyzed for expression of 
lymphocyte activation markers (c). Data are the means ± SE of the frequency of single positive (CD4+/CD8+) double-positive cells (CD4+CD25+ and CD8+CD69+) 
from three donors, tested in triplicate in cultures with [(D), right panel] or without P. brasiliensis yeast cells [(D), left panel]. *p < 0.05, **p < 0.01, ***p < 0.001 by 
comparing the data indicated by the bars.
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transcription factor NF-kB and downstream gene expression. 
This results in increased phagocytosis and cytokine production 
by innate immune cells (47). During C. albicans-hyphae recogni-
tion, dectin-3 forms heterodimers with dectin-2, compared with 
their respective homodimers, the dectin-3-dectin-2 heterodimers 
bind α-mannans more effectively, leading to potent inflammatory 
responses (48). Our results showed the involvement of dectin-2/
dectin-3/Syk signaling during P. brasiliensis recognition by 
human pDCs.

As studies regarding the expression of CLRs on human pDC 
are scarce and sometimes conflicting (49), we have decided 
to investigate the gene expression for the dectin-1, dectin-2, 
dectin-3, and mincle receptors on human pDC upon P. brasil-
iensis stimulation. While all genes studied were expressed on 
human mDCs, only DECTIN2 and DECTIN3 were found on 
human pDCs. Although some studies have demonstrated the 
expression of dectin-1 on human pDCs (50) the expression of 
this receptor was not observed in our study. The absent expres-
sion of DECTIN1 and MINCLE explained the lack of effect of 
blocking antibodies during pDC activation by P. brasiliensis 
yeast cells. Importantly, a limitation of our study is that we did 
not analyze the expression of these receptors on cell membrane 
of DCs after stimulation with the fungus. However, it is known 
that the endocytosis of plasma membrane-localized PRRs 
after a microbial encounter hinders their detection (51, 52). 
Notably, our findings are in agreement with a previous study 
of A. fumigatus in which fungal hyphae were recognized by 
human pDCs through dectin-2 rather than dectin-1 or TLR-7/9  
(9, 10). Although yeasts of P. brasiliensis and A. fumigutus-hyphae 
are composed of different PAMPs (53–56), the involvement of 
dectin-2 and dectin-3 receptors in triggering pDCs responses 
following fungal stimulation indicates that these receptors play 
an important role in the innate immune response to fungal 
infections. Importantly, dectin-3 has also been shown to par-
ticipate in the inhibition of C. neoformans growth by human and 
mouse pDCs (35). These previous findings and those reported 
here highlight the importance of some CLRs (mainly dectin-2 
and dectin-3) in the fungal recognition response by human 
pDCs. However, mincle, another receptor belonging to the 
dectin-2 family of CLRs (57) was not observed to participate in 
P. brasiliensis sensing by human pDCs even though it is involved 
in fungal recognition by conventional DCs (44).

Importantly, curdlan (an agonist of dectin-1) was previously 
shown to induce the production and secretion of mature IL-1β by 
activating the cytosolic NLRP3 inflammasome and this process 
requires the phosphorylation of Syk kinase (58, 59). However, as 
our study indicated that human pDCs do not express dectin-1, 
it is possible that other CLRs via Syk signaling can be used by 
P. brasiliensis-stimulated pDCs to activate the inflammasomes 
pathway.

Although the fungicidal activity of pDCs observed in this 
study occurred only at very high concentrations of pDCs 
relative to the fungus, our results of pDC–yeast interaction and 
cytokine production brought original clues to elucidate the bio-
logical function of human pDCs in the immune response against  
P. brasiliensis. In addition, using the pDC-lymphocyte coculture 
experiments, we could demonstrate that this cell population 

can trigger an antigen-specific adaptive immune response. 
Mittelbrunn et al. were the first to show that mature pDCs form 
canonical immune synapses that involve the relocation of the 
microtubule-organizing center, F-actin and protein kinase C 
to the contact site, in addition to the activation of early signal-
ing molecules in T  cells (60). In pulmonary PCM, our group 
previously demonstrated that mouse pDCs exert an important 
regulatory function during the host defense process by prefer-
entially expanding regulatory T  lymphocytes in a mechanism 
dependent on the enzyme indolamine 2,3-dioxygenase-1, which 
confers a tolerogenic profile to pDCs (34). To our knowledge, 
the current work is in agreement with previous data showing the 
presence of pDC in cutaneous lesions and in the blood of PCM 
patients (11, 12), and this is the first study describing the ability of 
human pDCs to trigger adaptive immune responses in a context 
of non-viral infectious disease. However, additional studies are 
necessary to elucidate the patterns of T cell immunity induced 
by fungi-sensitized pDCs.

In conclusion, our data show for the first time that P. bra-
siliensis activates human pDCs that inhibit fungal growth and 
secrete pro-inflammatory cytokines such as TNF-α and type I 
IFNs. Surprisingly, P. brasiliensis-stimulated pDCs activate cas-
pase 1 and produce mature IL-1β, possibly via inflammasome 
activation. This phenomenon has not been previously described 
during pDC engagement by a microorganism. Importantly, 
dectin-2 and dectin-3 (acting via Syk signaling) are PRRs 
expressed on pDC and are involved in the pDC–P. brasiliensis 
interaction that results in pDCs activation. Therefore, our data 
support an important role for CLRs in P. brasiliensis recognition 
by pDCs, indicating that this DC subset actively participate in 
the mechanisms of innate and adaptive immunity against this 
primary fungal pathogen.
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The Major chromoblastomycosis 
etiologic agent Fonsecaea pedrosoi 
activates the nlrP3 inflammasome
Raffael Júnio Araújo de Castro1, Isaque Medeiros Siqueira1, Márcio Sousa Jerônimo1, 
Angelina Maria Moreschi Basso1, Paulo Henrique de Holanda Veloso Junior1,  
Kelly Grace Magalhães2, Luiza Chaves Leonhardt1, Stephan Alberto Machado de Oliveira1, 
Pedro Henrique Bürgel1, Aldo Henrique Tavares1† and Anamélia Lorenzetti Bocca1*†

1 Laboratory of Applied Immunology, Department of Cellular Biology, Institute of Biological Sciences, University of Brasília, 
Brasília, Brazil, 2 Laboratory of Immunology and Inflammation, Department of Cellular Biology, Institute of Biological  
Sciences, University of Brasília, Brasília, Brazil

Fonsecaea pedrosoi is the main etiologic agent of chromoblastomycosis (CBM), one of 
the most prevalent subcutaneous mycosis in tropical and subtropical countries. CBM 
is a poorly characterized chronic infection that commonly starts after transcutaneous 
inoculation of conidia and saprophytic hyphae of F. pedrosoi. Recently, we have shown 
that unlike conidia, hyphae and muriform cells (the parasitic morphotype) of F. pedrosoi  
promotes an intense inflammatory response pattern in vivo, which comprises the pro-
duction of an inflammasome-derived cytokine, IL-1β. Nonetheless, the mechanisms 
underlying IL-1β production and maturation upon F. pedrosoi infection and its functional 
output in the course of CBM remains unknown. We show here that F. pedrosoi hyphae, 
differently from conidia, induce IL-1β secretion in both bone marrow-derived dendritic 
cells and macrophages. Using inhibitors and knockout cells, we demonstrated that 
the mechanisms underlying IL-1β production by hyphae-infected macrophages were 
dependent on dectin-1, -2, and -3 receptors and the Syk-NF-kB signaling pathway. 
Furthermore, F. pedrosoi promoted a NLRP3-dependent inflammasome activation, 
which required potassium efflux, reactive oxygen species production, phagolysosomal 
acidification, and cathepsin B release as triggers. IL-1β processing and release was 
mediated primarily by caspase-1 and, to a lesser extent, by caspase-8-dependent 
cleavage. Finally, we showed using a murine CBM model that F. pedrosoi elicits a 
NLRP3-regulated IL-1β and interleukin-18 release in vivo, but without NLRP3 inflam-
masome activation interfering in the course of the experimental infection.

Keywords: nlrP3 inflammasome, Fonsecaea pedrosoi, chromoblastomycosis, hyphae, macrophages,  
dendritic cells

inTrODUcTiOn

Chromoblastomycosis (CBM) is a chronic, granulomatous, suppurative, and often debilitating 
cutaneous and subcutaneous mycosis, caused by dimorphic filamentous fungi belonging to the 
Dematiaceous family (1–3). Multiple dematiaceous fungi are related to the disease etiology; of 
these, Fonsecaea pedrosoi and Cladophialophora carrionii are the most frequently identified 
fungal species in human CBM skin lesions. This disease occurs worldwide; however, it is mostly 
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prevalent in tropical and subtropical areas (4, 5). Clinically, 
CBM is characterized by the slow development of polymorphic 
skin lesions, such as nodules, warts, tumors, plaques, and scars, 
after inoculation of fungal propagules consisting of conidia 
and hyphal fragments into host skin, more frequently into 
lower limbs (6–8). During infection of mammalian host, these 
primarily saprophyte fungal forms undergo transformation into 
the intensely melanized and thick-walled muriform (sclerotic) 
cells, the parasitic morphotype of F. pedrosoi (4).

Although little is known about the immune response of the 
host to infection by F. pedrosoi, it has been credited that an 
adaptive response mediated by T helper (Th) cell types 1 and 
17 might be protective against F. pedrosoi infection (9–11). 
In this scenario, the abrogation of IL-12p35 transcription in 
human dendritic cells, leading to Th1-deficient development 
by several Fonsecaea species, and the Th17-mediated response 
suppression in experimentally infected mice, suggest that this 
fungal pathogen evade host immune response by complex 
mechanisms. These mechanisms usually encompass the evasion 
or subversion of the function of innate pattern recognition recep-
tors (PRRs) in the detection of conserved fungal components or 
pathogen-associated molecular patterns (PAMPs) by phagocytes 
(10–12). A number of PRRs families have been associated with 
F. pedrosoi sensing, including the C-type lectin receptors (CLRs) 
mincle, dectin-1 and dectin-2, as well as toll-like receptors 
(TLRs). Besides these cytoplasmic membrane-bound receptors, 
fungal sensing by cytosolic PRRs, such as NOD-like receptors 
(NLRs) and AIM2-like receptors, is becoming increasingly  
apparent.

The members of the NLR protein family typically share three 
functional domains: a C-terminal leucine-rich-repeat putative 
ligand-binding domain, a central NACHT nucleotide-binding 
and oligomerization domain and an N-terminal signaling 
domain (13). The latter consists of different domains, most 
notably a pyrin domain (PYD) or a caspase recruitment 
domain (CARD). Certain NLRP (NLR subfamily with an 
N-terminal PYD), such as NLRP1 and NLRP3, and the 
NLR family CARD domain-containing protein 4 (NLRC4) 
associate with inflammatory caspase-1 (in the form of pro-
caspase-1) to assemble the inflammasome, a large cytosolic 
multiprotein complex. Notably, NLRP3-containing inflamma-
some formation is dependent on the adaptor protein ASC 
(apoptosis-associated speck-like protein containing a CARD), 
which promotes the recruitment of pro-caspase-1 through 
CARD–CARD interactions (13). The assembly of the inflam-
masome complex leads to the cleavage of pro-caspase-1 into 
an active cysteine protease, which cleaves the proinflammatory 
cytokines interleukin-1β (IL-1β) and interleukin-18 (IL-18)  
into their mature forms. NLRP3 inflammasome, the most 
studied and the main inflammasome associated with fungal 
infection, is activated by a typical two-step mechanism: prim-
ing and activation (14, 15). The priming signal is generated 
by the recognition of PAMPs by PRRs, usually leading to 
NF-kB activation and, as a result, production of pro-IL-1β, 
pro-IL-18, and NLRP3. The activation step is associated with 
the assembly of the multiprotein complex induced by a broad 
variety of endogenous danger-associated molecules (DAMPs), 

such as potassium efflux, production of reactive oxygen spe-
cies (ROS), phagolysosome acidification, and cathepsin B 
release. Several conditions may lead to DAMPs production, 
including metabolic disorders, inflammatory diseases, and  
infections.

The inflammasome-dependent release of IL-1β and IL-18 
cytokines has a striking importance in the regulation of innate 
and adaptive response against many different fungal patho-
gens, including significant protective roles against Candida 
albicans, Aspergillus fumigatus, Cryptococcus neoformans, Para
coccidioides brasiliensis, and Histoplasma capsulatum (16–22). 
One aspect associated with inflammasome activation is fungal 
morphotype diversity and complexity. C. albicans hyphae are 
better inducers and the only fungal form of A. fumigatus that 
activates the NLRP3 inflammasome (16, 17, 23). Indeed, we 
have recently showed that unlike conidia, the hyphae and muri-
form (sclerotic) cells of F. pedrosoi promote intense production 
of proinflammatory cytokines in vitro and in vivo (24). Among 
these cytokines, we observed IL-1β production, suggesting that 
F. pedrosoi could activate the inflammasome. In this context,  
we aimed to evaluate the inflammasome activation by F. pedrosoi 
infective propagules and the role of the inflammasome in CBM 
experimental disease.

We show here that F. pedrosoi hyphae, differently from conidia, 
induce IL-1β secretion in both bone marrow-derived dendritic cells 
and macrophages. The mechanisms underlying IL-1β production 
by macrophage-infected hyphae were dependent on dectin-1, -2, 
and -3 receptors and the Syk-NF-kB signaling pathway. F. pedrosoi 
promoted a NLRP3-dependent inflammasome activation, which 
required K+ efflux, ROS production, pha golysosomal acidifica-
tion, and cathepsin B release. IL-1β processing and release were 
mediated by caspase-1 and, to a lesser extent, caspase-8-dependent 
cleavage. Furthermore, we demonstrated using an experimental 
CBM model that F. pedrosoi elicits a NLRP3-regulated IL-1β 
and IL-18 release in vivo. However, we did not observe an influ-
ence of the NLRP3 inflammasome on the control of the fungal  
infection.

MaTerials anD MeThODs

Fungal culture and Preparation
Fonsecaea pedrosoi ATCC 46428 were maintained in Sabouraud 
dextrose agar medium (SDA) at 37°C after serial animal pas-
sages to enhance fungal virulence. In order to obtain purified 
conidia and hyphae for experiments, virulent F. pedrosoi 
propagules were grown in potato dextrose medium in a rotary 
shaker (120  rpm) at 30°C. A 15-day-old suspension contain-
ing conidia and hyphal fragments was submitted to successive 
filtrations on 70 and 40  µm cell strainers (BD), respectively. 
The 40 µm filter-retained cells (ranging between 40 and 70 µm) 
were re-suspended in phosphate-buffered saline (PBS) and 
consisted of more than 98% of purified hyphae. The suspension 
of cells smaller than 40 µm was further filtered using a 14 µm 
filter paper (J. Prolab) to remove small hyphal fragments and 
achieve a minimum of 98% purified conidia. A mix of purified 
hyphae and conidia at a 3:1 rate was used as F. pedrosoi fungal 
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propagules for in vivo assays. For assays with inactivated fungi, 
conidia, and hyphae were heat-killed by boiling for 40 min, or 
fixed with 3% paraformaldehyde (PFA) for 6 h. F. pedrosoi cells 
were washed twice, counted using a hemocytometer, and used 
for experiments.

cell culture
Bone marrow-derived macrophages (BMDMs) and dendritic 
cells (BMDCs) were generated by a previously described method 
(25). Briefly, bone marrow cells were flushed out of murine 
femurs and tibias and submitted to erythrocyte lysis using 
tris-buffered ammonium chloride. Cells (2  ×  106) were plated 
onto non-tissue culture-treated Petri dishes in 10 mL of RPMI-
1640 medium (Sigma-Aldrich) supplemented with 10% heat-
inactivated FBS (Gibco), 50 µM 2-mercaptoethanol, 50 µg/mL  
of gentamicin, and 20 ng/mL GM-CSF (Peprotech), and cultured 
for 8 days in a humidified 5% CO2 atmosphere at 37°C. On day 
3, another 10 mL of fresh complete medium was added to the 
culture. On day 6, half of the medium was exchanged. On day 
8, loosely adherent/suspended BMDCs and firmly adherent 
BMDMs stripped with TrypLE™ Express (Gibco) were sepa-
rately collected and plated at a density of 106 cells/mL in RPMI 
medium containing 10% FBS and 50 µg/mL of gentamicin, for 
experimental use. THP-1 cells were maintained and used under 
the same experimental use conditions.

In Vitro F. pedrosoi challenge and  
cell Treatments
Bone marrow-derived macrophages derived from wild-type 
(WT) or knockout mice were infected with F. pedrosoi for 6 
(RT-qPCR analysis) and 24 h (other assays) at a multiplicity of 
infection (MOI) of 3 for conidial infection (except for fungicidal 
assays, performed with a MOI of 1) and of 1 for hyphal. For 
inhibition assays, BMDMs received 2  h prior to the infection 
a Myd88 inhibitor peptide (50 µM) (InvivoGen), Syk inhibitor 
R406 (5  µM) (InvivoGen), NF-kB inhibitor celastrol (5  µM) 
(InvivoGen), caspase-1 inhibitor AC-YVAD-CHO (50 µM) (Santa 
Cruz Biotechnology), caspase-8 inhibitor Z-IETD-FMK (50 µM) 
(Santa Cruz Biotechnology), intracellular potassium efflux 
inhibitors glyburide (150  µM) (InvivoGen) and KCl (50  mM) 
(Sigma-Aldrich), ROS inhibitor DPI (diphenyleneiodonium 
chloride) (20  µM) (Sigma-Aldrich), endosomal acidification 
inhibitor bafilomycin A (250  nM) (InvivoGen) or cathepsin B 
inhibitor CA-074 Me (50 µM) (Sigma-Aldrich). In some experi-
ments, BMDMs and BMDCs were treated 2 h previously to the 
fungal infection with 500 ng/mL of LPS (Sigma-Aldrich) and/or 
20 µM of nigericin (InvivoGen) during the last 40 min of incuba-
tion (1 h for fungicidal assays). Cells stimulated with both LPS 
and nigericin served as a positive control for NLRP3-mediated 
inflammasome activation.

analysis of Fungal cell Morphology  
by Flow cytometry
In order to induce and evaluate conidial swelling, F. pedrosoi 
conidia (5  ×  106  cells/mL) were incubated for 6  h with PBS 
or RPMI supplemented with 20% of heat-inactivated FBS at 

37°C, under 120 rpm. In addition, conidia were incubated with 
BMDMs at a MOI of 3, for 6 and 24 h. Infected BMDMs were 
washed to discard nonphagocyted fungus and lysed with 0.05% 
SDS to release intracellular fungi. Then, fungal were fixed with 
PFA treatment, washed twice, and evaluated by flow cytometry 
analysis. Micron-size beads of 2 and 3 µm (CS&T Research Beads, 
BD) were used as control. Cell acquisition was performed using 
a FACSVerse (BD) flow cytometry, and data were analyzed with 
FlowJo v.10 software.

In Vitro Fungicidal assay
Bone marrow-derived macrophages derived from WT, Nlrp3−/−, 
and Caspase1/11−/− mice were infected for 24 h with F. pedrosoi 
conidia or hyphae. In addition, WT macrophages were also 
treated, or not, with nigericin as described above, or stimu-
lated 3 h before the infection with LPS and IFN-γ (both from 
Sigma-Aldrich) (500 and 20  ng/mL, respectively) to activate 
the mechanisms of macrophage killing [e.g., nitric oxide (NO) 
production]. After infection, the cell culture supernatant was 
harvested for NO determination. The remaining cell monolay-
ers were carefully washed to remove non-adherent cells, lysed as 
described above, and re-suspended in PBS. After serial dilutions, 
cell suspension was plated on SDA and incubated at 30°C for 
5–7 days for colony-forming unit (CFU) evaluation.

Detection of activated caspase-1 by 
Fluorochrome-labeled inhibitor of 
caspases (Flica)
After 24 h of infection with F. pedrosoi conidia or hyphae, BMDMs 
were detached (as mentioned above) and incubated for 1 h with 
a caspase-1 fluorochrome-labeled inhibitor of caspases (FLICA), 
FAM-YVAD-FMK (Immunochemistry Technologies), according 
to the manufacturer’s instructions. Next, cells were washed and 
stained with APC-conjugated anti-CD11b antibody (eBioscience) 
in PBS with 2% heat-inactivated FBS (Gibco) to distinguish mac-
rophages from non-internalized fungus. Then, cells were washed 
and samples were analyzed by flow cytometry as described above.

Quantitative real-time Pcr (qrT-Pcr)
Total RNA from BMDMs was extracted using the TRIzol rea-
gent (Invitrogen) and cDNA was synthesized using the high 
capacity RNA-to-cDNA kit (Applied Biosystems), according to 
manufacturer’s protocols. qRT-PCR was performed using SYBR 
green incorporation (Applied Biosystems) and real-time PCR 
equipment (StepOne system) (Applied Biosystems). Expression 
of the genes of interest was normalized to the expression of the 
housekeeping gene Rps9 and expressed as “Fold change,” which 
was calculated by the 2−ΔΔCT method (26). The primers used were 
validated according Livak and Schmittgen (26) and listed in Table 
S1 in Supplementary Material.

animals and In Vivo F. pedrosoi infection
Clec7a−/− (Dectin1−/−) mice were supplied by Dr. Gordon Brown 
(University of Aberdeen, Scotland). Clec4n−/− (Dectin2−/−), 
Clec4d+/+ (Dectin3+/+), Clec4d−/− (Dectin3−/−) mice were kindly 
provided by Dr. Bruce Klein (University of Wisconsin-Madison, 
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USA). All animals (C57BL/6 background), including Nlrp3−/−, 
Caspase1/11−/−, and C57BL/6 WT mice, were maintained 
under pathogen-free conditions and used at 8 to 12  weeks 
old for experiments. For in  vivo infection, WT, Nlrp3−/− and 
Caspase1/11−/− mice were inoculated subcutaneously into the 
hind footpad with 50 µl (per foot) of a suspension containing 
1  ×  106 (2  ×  107/mL) F. pedrosoi hyphae and conidia in the 
proportion of 3:1, respectively (fungal propagules). Mice were 
euthanized at 14, 21, and 28 days postinfection and the footpad 
was collected, weighed, and homogenized for ELISA assay and 
plated for CFU analysis.

Measurement of nO and cytokine 
Production
Nitrite ( )−NO2  concentration in culture supernatants was applied 
as an indicator of NO generation and measured with the Griess 
reagent (1% sulfanilamide, 0.1% naphthylethylene diamine 
dihydrochloride, 2.5% H3PO4). For that, 50  µl of the culture 
supernatant was added to an equal volume (v/v) of Griess rea-
gent and allowed to incubate at room temperature for 10 min. 
Absorbance was measured at 540 nm using a microplate reader. 
The NO2

− concentration was determined using a standard curve 
of 1.56–100  µM of NaNO2. Cytokine levels from the homog-
enized animal tissue and cell culture lysate and supernatants 
were determined by ELISA, according to the manufacturer’s 
guidelines, for the following cytokines: human interleukin-1β 
(IL-1β) and murine IL-1β (both uncleaved and cleaved forms), 
IL-18 and tumor necrosis factor-α (TNF-α), all purchased from 
eBioscience. Results were expressed as cytokines pictogram per 
milliliters or per 100  mg of tissue, for samples obtained from 
in vivo assays.

statistical analysis
Statistical analysis was conducted using GraphPad Prism v.5.0 
software. Data were analyzed by one-way ANOVA followed by 
Tukey’s post hoc test. Two-way ANOVA and Bonferroni’s post hoc 
test were used to compare different groups with more than one 
variable. pValues of less than 0.05 were considered significant.

resUlTs

F. pedrosoi hyphae, but not conidia, 
induce il-1β secretion in BMDMs  
and ThP-1 cells
To determine whether F. pedrosoi could induce IL-1β secretion, 
we infected murine BMDMs with F. pedrosoi conidia or hyphae 
for 24  h. Hyphae cell infection resulted in IL-1β secretion, 
while conidia failed to induce significant levels of this cytokine 
(Figure 1A). In addition, THP-1, a human monocyte cell line, 
secreted IL-1β upon infection by F. pedrosoi hyphae, but not 
conidia (Figure  1B). To test if the size of conidia could affect 
the BMDM activation, we induced swollen-conidia (Figure S1 
in Supplementary Material), an intermediate stage of conidia-
into-hyphae transformation, and used it to stimulate BMDMs. 
Swollen conidia were equally unable to promote IL-1β secretion 
(Figure 1A).

Then, we evaluated if the lack of secreted IL-1β in BMDM-
conidia coculture supernatant results primarily from the inability 
of BMDMs to trigger Il1b gene transcription after conidial infec-
tion. RT-qPCR analysis revealed that at 6 h of infection, hyphae 
and, to a lesser extent, conidia induce Il1b and Tnfa, but not il18 
transcripts in BMDMs (Figure 1C). ELISA assay performed with 
24 h culture supernatant showed that, contrary to conidial, hyphal 
infection results in IL-18 and TNF-α secretion (Figures 1D,E), 
despite the observation that the Il18 transcript is not upregu-
lated. Further, we stimulated BMDMs with inactivated hyphae 
to determine whether the viability of this fungal form influences 
IL-1β secretion. Both PFA and heat-killed (HK) hyphae stimulus 
resulted in severe reduction of IL-1β in comparison to live fungus 
(Figure 1F), whereas the viability of the fungus did not significantly 
affect the levels of TNF-α production and only slighted affected 
the levels of pro-IL-1β only in the HK hyphae (Figures 1G,H). 
These finding suggest that that the viability of F. pedrosoi affects 
activation, but not priming of NLRP3 inflammasome.

Differential inflammasome activation 
requirements in BMDMs and BMDcs  
are Morphotype-Dependent in F. pedrosoi 
infection
Since we previously showed that BMDCs differ from BMDMs 
regarding inflammasome activation requirements upon P. brasil
iensis infection (27), we investigated whether this is also the case 
with F. pedrosoi. Differently from BMDM infection, conidia alone 
induced IL-1β secretion in BMDCs, suggesting that it acts as both 
the first and the second signal for inflammasome activation in this 
cell type (Figures 2A,B). When nigericin was added to BMDMs 
or BMDCs, these cells secreted a large amount of mature IL-1β, 
confirming that conidia elicit pro-IL-1β production (as indicated 
in Figure 1C), but fail to provide further inflammasome activat-
ing signals in BMDMs (Figures 2A,B). Regarding hyphae, this 
morphotype alone was able to induce IL-1β secretion not only in 
BMDMs (as shown in Figure 1) but also in BMDCs (Figure 2B).

The syk-nF-kB signaling Pathway, 
coupled to Dectin-1, Dectin-2, and 
Dectin-3 receptors, enables 
inflammasome activation by BMDMs 
challenged with F. pedrosoi hyphae
Macrophages play central roles in host immune response against 
fungal infections (28). Likewise, these phagocytes are not only 
ubiquitous in CBM lesions but are also actively involved in the 
recognition of fungal cells and in the modulation of inflamma-
tory responses against F. pedrosoi (4, 29, 30). In this context, we 
performed subsequent assays focused on macrophage-hyphae 
interaction, since we show here that hyphae are the F. pedrosoi 
infective morphotype most likely to be responsible for initi ating 
the inflammatory response observed in CBM. In order to deter-
mine the mechanisms underlying BMDMs inflammasome prim-
ing in F. pedrosoi infection, we treated BMDMs with celastrol, 
an inhibitor of IKK activity, which results in the inactivation of 
NF-kB, the main transcriptional factor associated with pro-IL-1β 
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FigUre 1 | Fonsecaea pedrosoi hyphae, but not conidia, induce IL-1β secretion in bone marrow-derived macrophages (BMDMs) and THP-1 cells. IL-1β levels  
after 24 h of BMDMs incubation with medium, F. pedrosoi conidia, swollen conidia, or hyphae (a). IL-1β secretion after 24 h of THP-1 cell incubation with medium, 
F. pedrosoi conidia, or hyphae (B). Intracellular Il1b, Il18, and Tnfa gene transcription of BMDMs after 6 h stimulation with hyphae or conidia were analyzed by 
RT-qPCR (c). Interleukin-18 (IL-18) (D) and tumor necrosis factor-α (TNF-α) (e) secretion of BMDMs co-cultivated with medium, conidia, or hyphae. BMDMs were 
stimulated also with live, paraformaldehyde-killed, or heat-killed (HK) hyphae for IL-β (F), pro-IL-β (g), and TNF-α measurement (h). Pro-IL-1β was evaluated in the 
cell lysate after 12 h of infection, while the others cytokines were assayed in the cell supernatant after 24 h. IL-1β, pro-IL-1β, IL-18, and TNF-α levels were evaluated 
by ELISA. Data shown are mean ± SEM and are representative of two to three independent experiments. *p < 0.05; ***p < 0.001, compared to cells with only 
medium or between groups indicated by brackets.
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transcription. As expected, NF-kB inhibition led to a complete 
abolition of IL-1β, as well as a strong reduction of TNF-α secretion 
in cell supernatant (Figures  3A,B, respectively). Furthermore, 
it is known that NF-kB-activating PRRs license inflammasome 
activation by providing both pro-IL-1β and inflammasome 
receptors expression (31). To clarify the nature of the PRRs that 
are involved in the F. pedrosoi recognition that led to NF-kB-
dependent BMDMs priming, we evaluated the transcription of 
Myd88 and Syk, which are pivotal signal transducers of TLRs and 
CLRs, respectively. We observed that hyphae not only induced 
Syk and Nfkb1 upregulation (Figure 3C), but also depend on Syk 

activity to induce IL-1β secretion, as shown in BMDMs treated 
with Syk inhibitor R406 (Figure 3A). Myd88, however, was poorly 
transcribed in BMDMs upon hyphal infection (Figure 3C), and 
its activity was indifferent to IL-1β secretion in cells treated with 
a Myd88 inhibitory peptide (Figure 3A).

It is known that CLRs, such as dectin-1, dectin-2, and dec-
tin-3, signaling via Syk kinase promote NF-kB activation (32). 
To test whether these CLRs were responsible for recruiting Syk 
to signal inflammasome priming in BMDMs challenged with 
hyphae, we used cells from mice deficient in these receptors, and 
observed that Dectin1−/−, Dectin2−/−, and Dectin3−/− BMDMs 

42

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 2 | Differential inflammasome activation requirements in bone marrow-derived macrophages (BMDMs) and dendritic cells (BMDCs) are morphotype-
dependent in Fonsecaea pedrosoi infection. IL-1β detection by ELISA in supernatants of BMDMs (a) and BMDCs (B) incubated for 24 h with medium, F. pedrosoi 
conidia or hyphae, and co-stimulated (or not) with LPS (500 ng/mL added 2 h before fungal infection), nigericin (20 µM during the last 40 min of incubation), or both 
(as a positive control). Data shown are mean ± SEM and are representative of three independent experiments. **p < 0.01; ***p < 0.001, compared to cells with only 
medium.
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show reduced IL-1β secretion when compared to their respec-
tive controls (Figure 3D). Except for Dectin3−/− cells, all tested 
knockout cells also exhibited a slight reduction in TNF-α levels 
(Figure  3E). Dectin-1 KO cells had the strongest depletion of 
IL-1β (Figure 3D), although WT BMDMs did not present dif-
ferential regulation of Dectin1 transcription—only Dectin2 
and Dectin3 genes were upregulated (Figure 3F). Further, since 
the inhibition of Syk signaling did not completely abrogate the 
IL-1B secretion (Figure  3A), we reasoned that an alternative 
Syk-independent dectin-1-NF-kB signaling pathway would be 
in use. To evaluate this hypothesis, we inhibited Raf-1 kinase 
signaling, an adaptor protein that dectin-1 engages to signal 
NF-kB activation independently of Syk (33); however, IL-1β 
levels were unaffected (data not shown). The results indicate that 
the Syk-NF-kB signaling pathway, coupled to dectin-1, dectin-2, 
and dectin-3 receptors, enables inflammasome activation by 
BMDMs challenged with F. pedrosoi hyphae.

inflammasome activation by F. pedrosoi 
hyphae is Dependent on caspase-1 and 
caspase-8
IL-1β secretion requires proteolytic cleavage of its inactive pro-
form, canonically performed by caspase-1 enzyme. To assess  
whether F. pedrosoi infective morphotypes were able to activate 
caspase-1, we used a fluorescent probe, FAM-YVAD-FMK, 
which specifically binds the active protease, and analyzed stained 
BMDMs using flow cytometry. As expected, only hyphae, but not 
conidia, were able to induce caspase-1 activation (Figure  4A), 
which corroborates our ELISA data showing that only hyphae 
infection led to IL-1β processing and secretion in BMDMs 
(Figure 2A). Then, to confirm that IL-1β secretion was caspase-1 
dependent, we challenged BMDMs from WT and Caspase1/11 
knockout mice with hyphae. In addition, we also treated WT 
BMDMs with AC-YVAD-CHO, a specific caspase-1 inhibitor. 
Both Caspase1/11−/− BMDMs and WT BMDMs treated with 
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FigUre 3 | The Syk-NF-kB signaling pathway, coupled to dectin-1, dectin-2, and dectin-3 receptors, enables inflammasome activation by bone marrow-derived 
macrophages (BMDMs) challenged with Fonsecaea pedrosoi hyphae. BMDMs were pretreated for 2 h with Myd88 inhibitor peptide (50 µM), R406 (5 µM), and 
celastrol (5 µM) and thereafter infected with F. pedrosoi hyphae for 24 h (a,B). BMDMs were infected with conidia or hyphae for 6 h, and then were lysed for 
RT-qPCR analysis to quantify gene expression of indicated genes (c,F). BMDMs obtained from wild-type (WT), Dectin-1−/−, Dectin-2−/−, Dectin-3+/+, and Dectin-3−/− 
mice were infected with F. pedrosoi hyphae for 24 h (D,e). The supernatant of 24 h cell culture assays were evaluated for IL-1β and TNF-α by ELISA. Data shown 
are mean ± SEM and are representative of two to three independent experiments. **p < 0.01; ***p < 0.001, compared to infected untreated cells or between 
groups indicated by brackets.

FigUre 4 | Inflammasome activation by Fonsecaea pedrosoi hyphae is dependent on caspase-1 and caspase-8. Bone marrow-derived macrophages (BMDMs) 
were incubated with medium, F. pedrosoi conidia or hyphae for 24 h, and thereafter stained with anti-CD11b-APC antibody and FAM-YVAD-FMK-FITC probe to 
perform flow cytometry analysis. Caspase-1 activity (indicated by intensity of FAM-YVAD-FMK-FITC binding) of CD11b+ cells is represented in histogram and by  
cell mean fluorescence intensity (MFI) (a). BMDMs obtained from wild-type (WT) or Caspase-1/11−/− mice were infected with F. pedrosoi hyphae for 24 h (B,c). WT 
BMDMs were pretreated for 2 h with 50 µM of AC-YVAD-CHO (caspase-1 inhibitor) or Z-IETD-FMK (caspase-8 inhibitor) and then infected with F. pedrosoi hyphae  
for 24 h (D,e). The supernatant of cell culture assays (B–e) was evaluated for IL-1β and tumor necrosis factor-α by ELISA. Data shown are mean ± SEM and are 
representative of two to three independent experiments. **p < 0.01; ***p < 0.001, compared to WT-infected untreated cells or between groups indicated by brackets.
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FigUre 5 | Fonsecaea pedrosoi hyphae activate the NLRP3 inflammasome, which depends on K+ efflux, ROS production, phagolysosomal acidification, and 
cathepsin B release. Bone marrow-derived macrophages (BMDMs) were infected with conidia or hyphae for 6 h and, thereafter, were lysed for RT-qPCR analysis to 
quantify gene expression of indicated genes (a). BMDMs obtained from wild-type (WT) or NLRP3−/− mice were infected with F. pedrosoi hyphae for 24 h (B,c). WT 
BMDMs were pretreated for 2 h with glyburide (150 µM) or KCl (50 mM) (D), DPI (20 µM) (e), and bafilomycin A (250 nM) or CA-074 (50 µM) (F). Then, cells were 
infected with F. pedrosoi hyphae for 24 h. The supernatant of 24 h cell culture assays (B–F) was evaluated for IL-1β by ELISA. Data shown are mean ± SEM and  
are representative of two to three independent experiments. ***p < 0.001, compared to WT-infected untreated cells.
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caspase-1 inhibitor showed a severe reduction in IL-1β secre-
tion (Figures  4B,D, respectively). Moreover, as caspase-8 has 
been associated with the non-canonical processing of IL-1β in 
response to C. albicans, A. fumigatus, and C. neoformans infection, 
we further tested caspase-8 inhibitor Z-IETD-FMK with WT 
BMDMs infected with F. pedrosoi hyphae (34, 35). Interestingly, 
cells treated with caspase-8 inhibitor decreased IL-1β production, 
although not as dramatically as cells undergoing caspase-1 inhibi-
tion (Figure 4D). TNF-α secretion was not affected in the inhibi-
tion/absence of the aforementioned caspases (Figures  4C,E). 
In addition to its role in maturing inflammasome-derived 
cytokines, caspase-1 mediate an inflammasome-dependent cell 
death mechanism termed pyroptosis, which leads to plasma 
membrane lysis and release of cytoplasmic content, includ-
ing lactate dehydrogenase (LDH). Interestingly, we observed 
no extracellular release of LDH from BMDMs infected with  
F. pedrosoi hyphae nor conidia, which suggests that pyroptosis 
does not occur in our model (data not shown). Thus, our data 
demonstrate that IL-1β secretion by BMDMs in response to  
F. pedrosoi hyphae infection depends on caspase-1 and, to a lesser 
extent, on caspase-8 activity.

F. pedrosoi hyphae activate the nlrP3 
inflammasome, Which Depends on K+ 
efflux, rOs Production, Phagolysosomal 
acidification/Disruption, and cathepsin  
B release
With respect to inflammasome activation upon fungal infec-
tions, only the inflammasome receptors AIM2, NLRC4 and, 

mainly, NLRP3, are related to engaging and triggering IL-1β 
caspase-dependent cleavage (36). Thus, we first evaluated 
the gene transcription of these receptors in BMDMs upon 
hyphal infection, and only Nlrp3 was upregulated (Figure 5A).  
To evaluate whether NLRP3 participates in IL-1β secretion in 
BMDMs stimulated with hyphae, we used BMDMs obtained 
from NLRP3-deficient mice. In NLRP3 absence, IL-1β secre-
tion was almost completely abolished (Figure  5B), whereas 
inflammasome-independent TNF-α production remained 
unchanged (Figure 5C).

NLRP3 is activated in response to a myriad of microbial 
infections through the sensing of their common-induced cellular 
disturbances, principally potassium efflux, ROS production, 
phagolysosomal acidification, and cathepsin B release (37). 
In order to assess whether the aforementioned mechanisms of 
NLRP3-inflammasome activation are required for our model,  
we impaired cell potassium efflux by cell treatment with glybur-
ide, an ATP-sensitive K+ channel inhibitor, and also by addition 
of exogenous KCl. Under both conditions, we observed a drastic 
decrease in IL-1β levels (Figure 5D). To verify the role of ROS 
production, we used DPI, a blocker of ROS derived from the 
phagosome and mitochondria. In response, IL-1β secretion was 
impaired (Figure  5E). However, reduction in TNF-α secretion 
was also observed (data not shown). Furthermore, we measured 
IL-1β levels in cultures of BMDMs treated with bafilomycin 
A and CA-074Me, inhibitors of phagolysosomal acidification 
and cathepsin B cytosolic activity, respectively, which succeeds 
phagolysosomal damage and subsequent disruption. This inhibi-
tory assay indicated that IL-1β secretion is strongly dependent 
on cathepsin B release and influenced by phagolysosomal 
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FigUre 6 | Inflammasome activation does not promote in vitro fungicidal activity of bone marrow-derived macrophages (BMDMs) challenged with Fonsecaea 
pedrosoi conidia or hyphae. BMDMs were infected for 24 h with F. pedrosoi conidia (a–D) or hyphae (e–h). Then, culture supernatant was collected for nitrite 
measurement by Griess reagent, whereas infected cells were lysed to perform colony-forming unit (CFU) analysis. CFU (a,e) and NO2

− (c,g) values of an assay with 
infected wild-type (WT), NLRP3−/− and Caspase-1−/− BMDMs. CFU (B,F) and NO2

− (D,h) values of an assay with non-infected (white bars) and infected (black bars) 
WT BMDMs co-stimulated (or not) with both LPS and IFN-γ (500 and 20 ng/mL added 3 h before fungal infection, respectively) or nigericin (20 µM during the last 
60 min of incubation). Data shown are mean ± SEM and are representative of three independent experiments. ***p < 0.001, between groups indicated by brackets.
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acidification (Figure 5F). Furthermore, since cathepsin B release 
requires phagolysosome membrane permeabilization, we 
incubated BMDMs with FITC-dextran and evaluated whether 
it leaks into the cytosol (Figure S2 in Supplementary Material). 
Internalized FITC-dextran diffused into the cytosol after F. pedrosoi 
challenge, as previously described for C. neoformans infection (35), 
which suggests that disruption of the phagolysosome caused by  
F. pedrosoi preceded cathepsin B release in order to induce IL-1β 
secretion. Altogether, our data show that F. pedrosoi hyphae 
activate the NLRP3 inflammasome in BMDMs, which depends 
on K+ efflux, ROS production, phagolysosomal acidification, and 
disruption followed by cathepsin B release. All cell treatments 
used above were previously successfully tested (27) to exclude 
the reduction of IL-1β due to cytotoxic effects.

inflammasome activation Does not 
Promote In Vitro Fungicidal activity of 
BMDMs challenged with F. pedrosoi 
conidia or hyphae
Some studies have demonstrated that inflammasome activa-
tion drives host protective immune responses against fungal 
pathogens, such as C. albicans, C. neoformans, and P. brasiliensis 
(36). Thus, after clarifying the mechanisms of inflammasome 
activation in BMDMs infected with F. pedrosoi, we aimed to 
verify whether this is reflected in enhanced fungicidal activity by 

BMDMs against F. pedrosoi conidia and hyphae. To this end, we 
infected WT, Caspase1/11−/− and Nlrp3−/− BMDMs for 24 h and 
thereafter performed the CFU assay. We observed no differences 
in fungal burden among experimental groups (Figures  6A,E), 
which we already expected for infection with conidia, since this 
morphotype alone is unable to activate the inflammasome in 
BMDMs, as demonstrated in the present study (Figure 2A). We 
did not observe NO production in these groups (Figures 6C,G). 
Therefore, we went further and co-stimulated infected BMDMs 
with nigericin to promote strong inflammasome activation, 
as shown in Figure  2A, and then performed the CFU assay. 
Nevertheless, the inducible burst in inflammasome activity 
was not accompanied by diminished recovery of viable fungus 
from BMDMs infected with conidia or hyphae (Figures 6B,F). 
Interestingly, a control group treated simultaneously with LPS 
and IFN-γ showed no difference in fungal killing (Figures 6B,F), 
despite the induced NO production (Figures  6D,H). This can 
be explained in part because F. pedrosoi morphotypes, especially 
hyphae, inhibited NO production (Figures 6D,H).

nlrP3 inflammasome Does not 
contribute to Fungal clearance  
in a Murine cBM Model
In order to verify whether F. pedrosoi could activate the inflam-
masome in  vivo, and to further investigate the functional role 
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FigUre 7 | NLRP3 inflammasome does not contribute to fungal clearance  
in a murine chromoblastomycosis model. Wild-type (WT), Nlrp3−/− and 
Caspase-1/11−/− C57BL/6 mice (n = 4) were infected in both hind footpads 
with 1 × 106 Fonsecaea pedrosoi propagules. WT uninfected mice were used 
as control. Mice were euthanized at the indicated days postinfection, and the 
footpad tissue homogenate was assessed for both cleaved and uncleaved 
IL-1β (a) and interleukin-18 (B) by ELISA, and plated for colony-forming unit 
analysis (c). Data shown are mean ± SEM and are representative of two 
independent experiments. *p < 0.05; **p < 0.01, compared to WT infected.
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of the inflammasome in an experimental model of CBM, we 
infected WT, Nlrp3 and Caspase1/11deficient mice subcu-
taneously in the footpad with a mixed inoculum of fungal 
propagules consisting of conidia and hyphae. WT-infected mice 
showed a sustained production of IL-1β at all the time points 
analyzed, which was reduced at 21 and 28  days postinfection 
(d.p.i.) in Nlrp3−/− mice (Figure 7A). In addition, we observed 
significant levels of IL-18 only in an advanced stage of remission 
of the disease, at 28  d.p.i., with defective cytokine production 
in Nlrp3−/− mice (Figure  7B). There was no difference in the 
production of both cytokines between WT and Caspase1/11−/− 
mice (Figures 7A,B). Interestingly, the production of IL-1β and 
IL-18, regulated by NLRP3 and Caspase-1/11 in response to  
F. pedrosoi hyphae (Figures 4 and 5), did not affect the fungal 
load of the footpad, as we did not observe statistical differences 
in CFU assays among WT and both groups of knockout mice, 
at any of the times analyzed (Figure 7C). Histological examina-
tion of infected tissues from all groups show similar features as 
indicated by the presence of exudative areas and inflammatory 
infiltrates early as 14  d.p.i., which diminished over time and 
was accompanied by tissue remodeling and repair (Figure S3A  
in Supplementary Material). Consistently with CFU and histo-
logical analysis, there was no difference in morphometric meas-
urements of the injured footpad among experimental groups 
(Figure S3B in Supplementary Material).

These data indicate that F. pedrosoi induces the production of 
IL-1β and IL-18 in the course of a subcutaneous experimental 
infection model, but this production does not affect the fungal 
clearance.

DiscUssiOn

Studies examining innate immune cell recognition of F. pedrosoi 
are scarce. Although the involvement of CLRs and TLRs in this 
process is relatively well known, cytoplasmic NLRs had never 
been considered. In this study, we demonstrate that the main 
agent of CBM, F. pedrosoi, activates NLRP3 inflammasome-
dependent secretion of IL-1β and IL-18 in phagocytes and 
in  vivo. Moreover, the mechanisms underlying this process 
encompass Syk-coupled CLR receptors, caspase-1 and caspase 
8 proteolytic activity and several DAMPs.

One key aspect shown to determine NLRP3 inflammasome 
activation during fungal infection is morphogenesis. We show here 
that live F. pedrosoi hyphae, and not conidia, were able to induce 
the production of mature IL-1β and IL-18 in BMDMs, despite 
the fact that both cell types prompted the upregulation of IL-1β 
transcripts (pro-IL-1β). In addition, only hyphal cells induced 
IL-1β secretion in human monocytic THP-1 cells. Similarly, 
activation of NLRP3 inflammasome and cytokine secretion in 
macrophages challenged with A. fumigatus was achieved only 
with hyphae. This suggests that an invading aggressive hyphal 
form may be necessary to trigger the inflammatory response 
(23). Actually, in lung tissues of NLRP3-deficient mice, minimal 
inflammatory reaction to Aspergillus hyphae infection is observed 
(19). Further, F. pedrosoi swollen conidia, an intermediate stage 
of conidia-into-hyphae germination, were not able to induce 
mature IL-1β production, as also shown in A. fumigatus-infected 

macrophages (23). Interestingly, inflammasome-independent 
cytokines, such as TNF-α, are more induced by Aspergillus 
swollen conidia compared to inactive conidia, and cell wall 
PAMPs are transiently displayed and detected by macrophage 
PRRs (38, 39). In this context, future studies are warranted for 
the identification of cell wall composition/PAMPs exposure 
modification during F. pedrosoi germination. In C. albicans, 
although the switch from yeast to hyphal morphogenesis was 
initially believed to be indispensable for the activation of the 
NLRP3 inflammasome (17), recent studies have showed that the 
remodeling of its cell wall leading to PAMPs exposure during 
phagocytosis is the main factor associated with inflammasome 
activation (40, 41).

Another important aspect that influences NLRP3 inflam-
masome activation during infectious processes is the host cell 
type. Indeed, differently from what is shown in macrophages, 
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F. pedrosoi conidia alone were able to induce mature IL-1β pro-
duction in dendritic cells. In addition, when nigericin (bac terial 
pore formation toxin) was added to macrophage cell culture, a 
significant amount of IL-1β secretion was observed, corroborat-
ing the fact that conidia induce pro-IL-1β production but fail 
to provide inflammasome-activating second signal in mac-
rophages. Consistent with this observation, our group previously 
showed that P. brasiliensis can trigger pro-IL-1β production in 
macrophages and dendritic cells, but it was only in the latter that 
infection resulted in IL-1β maturation and release (27). Also, 
activation of NLRP3 inflammasome and production of mature 
IL-1β in macrophages infected with C. albicans yeast occurred 
only after a priming step with LPS (17, 42) whereas the fungus 
alone induced mature cytokine release in the dendritic cell (16). 
These results are in line with the fact that NLRP3 concentration 
is critical to the efficacy of inflammasome activation (31), and 
NLRP3 protein levels under steady-state conditions and after 
PRR engagement are higher in dendritic cells when compared 
with macrophages (43, 44). Furthermore, in vivo murine splenic 
conventional dendritic cells reveal constant high Nlrp3 tran-
script levels (45). Thus, both fungal form and phagocyte type 
are critical factors that dictate NLRP3 inflammasome activation 
in fungal infections.

Priming is the first step required for inflammasome activa-
tion, and this process is generally associated with PRRs engage-
ment by PAMPs leading to pro-IL-1β, pro-IL-18, and NLRP3 
production. CLRs are the major PRRs family for the recognition 
of fungal carbohydrate residues and have been associated with 
the priming step of inflammasome activation in several fungal 
infections (46). For instance, the dectin-1 receptor is necessary 
for the production of pro-IL-1β and IL-1 β in murine and human 
macrophages and dendritic cells infected with Microsporum 
canis, C. albicans, and Malassezia spp. (42, 47, 48). Also, signal-
ing mediated by dectin-2 is required for the production of IL-1β 
in dendritic cells infected with both hyphae and conidia of  
C. albicans (49). Interestingly, dectin-1 and dectin-2 have been 
associated with the induction of cytokine secretion, including 
inflammasome-dependent IL-1β, in a collaborative manner. 
Dectin-1 and dectin-2 double-deficient dendritic cells infected 
with Trichophyton rubrum or H. capsulatum have impaired secre-
tion of IL-1β when compared to WT cells and cells with either 
receptor deficiency alone (21, 50). Moreover, using blocking 
antibodies for dectin-1 or dectin-2 in single or double dectin-1/
dectin-2 deficient cells, Chang et al. (21) elegantly demonstrated 
that dectin-2 was the major receptor for inflammasome activa-
tion in H. capsulatum-infected dendritic cells. Although we did 
not employ double deficient cells, our results using cells lacking 
dectin-1 or dectin-2 clearly show that these CLRs play a sig-
nificant role in inducing the secretion of IL-1β by macrophages 
infected with F. pedrosoi hyphae. This is in line with the fact 
that dectin-1 and dectin-2 are required for the development of 
Th17 cells in mice subcutaneously infected with F. pedrosoi, since 
IL-1β associated with IL-23 favors a Th17 response (11, 51).

Besides dectin-1 and dectin-2, we also demonstrated a role 
for dectin-3 in the induction of IL-1β secretion by BMDMs 
infected with F. pedrosoi hyphae. It is noteworthy that dectin-3 
can form heterodimers with dectin-2 for sensing and mediation 

of host protective anti-C. albicans defense (32). In addition, 
dectin-3 is necessary for the development of vaccine-induced 
Th17 cells that are associated with protection against the fungal 
pathogen Blastomyces dermatitidis (52). The role of dectin-3 
in the recognition of F. pedrosoi conidia has been evaluated 
using lacZ activity measurement in reporter cells coexpressing 
dectin-2/dectin-3 or expressing dectin-2 or dectin-3 alone 
(11). Only a weak response was detected in dectin-3 expressing 
cells, and cells coexpressing dectin-2/dectin-3 did not show an 
enhanced dectin-2 induced reporter activity. Furthermore, IL-6 
production was not significantly altered in dectin-3-deficient 
cells. In this context, our results suggest that, contrary to 
conidia, F. pedrosoi hyphae may expose dectin-3 ligands leading 
to recognition and pro-inflammatory cytokine production by 
macrophages.

Upon PAMP binding, all three aforementioned CLRs initiate 
intracellular signaling pathways, and the Syk-CARD9-NFkB 
pathway is the best characterized and the most common during 
fungal infections (36, 46). For instance, Syk-dependent NLRP3 
priming occurs in C. albicans, A. fumigatus-, C. neoformans- and 
P. brasiliensis-infected cells (16, 18, 23, 27). Indeed, a significant 
reduction in IL-1β secretion was shown here in macrophages 
infected with F. pedrosoi and treated with chemical inhibitors of 
Syk kinase and NFkB activity. This result parallels those showing 
Syk and Nfkb1 upregulated transcripts induced by F. pedrosoi 
hyphae. It was noted that Myd88 transcripts were also signifi-
cantly induced by hyphae in macrophages, but their inhibition 
did not affect the production of IL-1β. Conversely, the secretion 
of the inflammasome-independent cytokine TNF-α relied upon 
dectin-1 and both Syk- and Myd88-mediated signaling, which 
is in accordance with previous studies showing that TNF-α 
production in macrophages treated with β-glucans (i.e., dectin-1 
ligand) requires that Syk-dependent signaling synergizes with 
the Myd88 pathway (53).

Followed by priming, the proteolytic cleavage of pro-IL-1β 
into its mature form is canonically performed by the protease 
caspase-1, and this process is largely dependent on the assem-
bly of the NLRP3 inflammasome in fungal infections (36, 54). 
Using a fluorescence-based assay, we demonstrated that only 
F. pedrosoi hyphae were directly able to activate caspase-1 in 
macrophages. In addition, caspase-1/11-deficient macrophages 
and macrophages treated with caspase-1 peptide inhibitor pro-
duced a significant, but not total, impairment in mature IL-1β 
secretion, suggesting that caspase-1-independent processes 
may also be involved. In fact, non-canonical processing of IL-1β 
has been shown to operate in phagocytes infected with fungal 
pathogens. C. albicans triggers caspase-8-mediated cleavage of 
pro-IL-1β independently of a NLR-containing inflammasome. 
This occurs via assembly of the CARD9–Bcl-10–MALT1 scaf-
fold mediated by Syk signaling, followed by the recruitment 
of caspase-8 into this scaffold for direct IL-1β processing (34). 
Caspase-8 can also function in a NLRP3-dependent inflam-
masome activation manner, as demonstrated in phagocytes 
infected with A. fumigatus and C. neoformans (19, 35). The use 
of a specific caspase-8 peptide inhibitor shows here that this 
protease has a role in the processing of IL-1β in F. pedrosoi
infected macrophages. Given the fact that NLRP3-deficient 
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macrophages completely failed to produce IL-1β upon F. 
pedrosoi challenge, the function of caspase-8 in our model 
probably relies on the NLRP3 inflammasome assembly instead 
of a direct processing activity.

Along with NLRP3, NLRC4 and AIM2-containing-
inflammasomes have been implicated in the antifungal response 
(36, 54). Specifically, C. albicans triggers NLCR4 inflamma-
some exclusively in mucosal cells, and deficiency in this NLR 
results in impaired neutrophil infiltration in the mucosa in a 
murine model of oral infection (55). Conversely, the NLRP3 
inflammasome is strictly required in phagocytes infected with 
C. albicans (16). Regarding A. fumigatus, this fungus induces 
cooperative and synergistic activation of the NLRP3 and AIM2 
inflammasomes in phagocytes and in an experimental murine 
model of intranasal infection (19). Similarly, NLRP3 and AIM2 
inflammasomes are activated by plasmodium hemozoin and 
DNA (56). In this context, we evaluated the transcript levels 
of Nlrp3, Nlrc4, and Aim2 genes in BMDMs infected with the 
infective forms of F. pedrosoi. Hyphae induced the upregulation 
of Nlrp3 transcripts only. These data, coupled with the fact that 
NLRP3-deficient infected macrophages do not produce IL-1β, 
as mentioned above, indicate that multiple inflammasome acti-
vation is probably not in use in our fungal model. At the same 
time, these results also suggest that, unlike in A. fumigatus,  
there is a poor availability of F. pedrosoi dsDNA (the main AIM2 
ligand) in the cytosol of infected cells. Nevertheless, the use of 
mice deficient in NLRC4 and AIM2 would shed light on this 
issue.

Although not fully characterized, cellular stresses that induce 
endogenous DAMPs have been associated with NLRP3 assembly 
and inflammatory caspase activation. Among them, K+ efflux 
due to stimulation of the ATP-sensitive K+ channel, ROS gen-
eration, and lysosome rupture are usually presented (15). Using 
chemical inhibitors, we demonstrated that F. pedrosoi hyphae 
promote these intracellular disturbances in macrophages, lead-
ing to inflammasome activation. Both K+ efflux and ROS are the 
main cellular disturbances associated with NLRP3 activation 
in phagocytes infected with diverse fungi, encompassing those 
causing dermathophytoses (47, 48, 57), and invasive mycosis 
(16, 18, 21, 27). Specifically, potassium efflux is considered a 
common unifying pathway for NLRP3 inflammasome com-
plex activation triggered by numerous NLRP3 stimuli (58). 
As such, we tested two inhibitors of K+ efflux, glyburide and 
KCl. Both treatments resulted in a significant impairment of 
IL-1β secretion by macrophages, reinforcing the central role 
of intracellular K+ level reduction in the regulation of NLRP3 
inflammasome activation. Similarly, the use of DPI, an inhibi-
tor of NADPH oxidase-dependent and mitochondria-derived 
ROS production, also led to diminished IL-1β production.  
It is noteworthy that ROS generation is apparently not directly 
associated with the NLRP3 activation (i.e., inflammasome 
assembly) step. Instead, it may affect the priming step, as several 
inhibitors of ROS generation or scavengers of ROS have been 
shown to inhibit NFκB-mediated transcription of NLRP3 and 
pro-IL-1β (16, 59). Indeed, besides IL-1β, the production of 
the inflammasome-independent NFκB-dependent TNF-α was 
abrogated with the treatment with DPI in macrophages infected 

with F. pedrosoi (data not shown). In addition to ROS and K+ 
efflux, disruption of the phagolysosomal membrane, leading 
to impairment of phagolysosomal acidification and leakage 
of enzymes such as cathepsin B into the cytoplasm results in 
NLRP3 activation (15). Therefore, macrophages infected with  
F. pedrosoi were treated with bafilomycin, which inhibits the 
vacuolar H+ ATPase, or CA-074, which in turn inhibits cathep-
sin B activity. The treatments resulted in a significant reduction 
in IL-1β secretion, similar to the activation of the inflammasome 
by several bacteria and particulate matter (15, 36). Regarding 
fungi, cathepsin B is not required for IL-1β production in den-
dritic cells infected with C. albicans or A. fumigatus (16, 19). 
Conversely, the production of this cytokine in macrophages 
infected with C. albicans is dependent on cathepsin B (17).  
In phagocytes infected with P. brasiliensis, dendritic cells, but not 
macrophages, require phagolysosomal disruption for NLRP3 
inflammasome activation (27, 60). Thus, the requirement for 
phagolysosomal disruption in the assembly of NLRP3 inflamma-
some is not universal, as it is dependent on the cell type and fungal  
pathogen.

Macrophages are essential innate immunity cells that are 
critical for direct antifungal response. Macrophages, along with 
neutrophils and lymphocytes, are regularly observed within 
the chronic granulomatous lesions of CBM patients, displaying 
different degrees of maturation and activation, and they also 
form multinucleated giant cells that harbor fungi (29, 30).  
In addition, F. pedrosoi cells can be detected in intracytoplas-
mic vacuoles of skin macrophages (61). Thus, we investigated 
whether NLRP3 inflammasome activation would play a part 
in the microbicidal capacity of macrophages infected with  
F. pedrosoi. In BMDMs lacking NLRP3 or Caspase-1 and 
infected with hyphae or conidia, no significant difference in the 
fungal burden was observed. Since conidia alone are not able 
to induce inflammasome activation, we treated macrophages 
with nigericin for the induction of the second signal for inflam-
masome activation and consequently production of mature 
IL-1β. Macrophages infected with hyphae were also treated 
with nigericin, leading to enhanced IL-1β secretion. Again, 
fungal viability was not affected, reinforcing the supposition 
that the NLRP3 inflammasome has no role in modulating the 
ability of macrophages to kill F. predosoi. In fact, the killing 
process of F. pedrosoi by macrophages is rarely efficient, and 
it is neutrophils that are considered the main phagocyte cell 
with microbicidal activity against this fungus (62, 63). Several 
studies have demonstrated that F. pedrosoi is able to survive and 
proliferate in murine macrophages, and activated macrophages 
are only fungistatic (62, 64–66). One important factor associ-
ated with the inability of macrophages to kill F. pedrosoi is the 
inhibition of NO production by macrophages (66). In line with 
this finding, no significant levels of nitrite were detected in the 
supernatant of macrophage cultures infected with F. pedrosoi 
cells. Furthermore, macrophages infected with either conidia 
or hyphae and treated with IFN-γ and LPS were not fungicidal 
and their nitrite production was significantly impaired. Lack of 
properly activated macrophages may serve F. pedrosoi intracel-
lular parasitism, leading to disease establishment and progres-
sion in susceptible hosts.
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FigUre 8 | Suggested model of activation of the NLRP3 inflammasome  
by Fonsecaea pedrosoi hyphae in macrophages. F. pedrosoi hyphae induce 
macrophage priming by a canonical Syk-NF-kB signaling pathway coupled  
to dectin-1, dectin-2, and dectin-3 recognition of the fungus. This leads  
to NLRP3, pro-IL-1β, and pro-IL-18 production. Then, the NLRP3-
inflammasome is activated as a result of potassium efflux, phagolysosome 
acidification, cathepsin B release, and ROS production, which subsequently 
leads to IL-1β and IL-18 processing and secretion by caspase-1 and 
caspase-8 dependent cleavage.
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Since F. pedrosoi activates the NLRP3 inflammasome in vitro, 
we investigated whether in vivo activation occurs and the possible 
role of this process in controlling fungal infection. Employing 
a mouse model of subcutaneous F. pedrosoi infection (24, 67), 
WT-infected mice showed a sustained production of IL-1β at 
all the time points analyzed, which was significantly reduced in 
mice lacking NLRP3. In addition, the NLRP3 inflammasome 
was also required for the production of IL-18, as assessed in the 
footpad macerate at 28 d.p.i. These results suggest that NLRP3 
sensing is required for the maturation of IL-1β and IL-18 in mice 
infected with F. pedrosoi. Surprisingly, the production of these 
cytokines was not significantly different in the footpad of caspase-
1/11-deficient mice, although there was a tendency for IL-1β and 
IL-18 to be lower than in control mice. In macrophages infected 
with F. pedrosoi, caspase-1, and caspase-8 were required for the 
production of IL-1β. It is possible that in vivo, caspase-8 com-
pensates for the lack of caspase-1. For instance, C. neoformans 
activates NLRP3-caspase-8 inflammasome in the absence of 
caspase-1 (35). Also, caspase-independent cleavage of pro-IL-1β 
may ensue, especially via neutrophil-derived serine proteases 
(68). This is in line with the fact that the chronic inflammatory 
response observed in murine and human CBM is characterized by 
a mononuclear granuloma modified by the influx of neutrophils, 
giving rise to a suppurative neutrophilic infiltrate (5, 24). In this 
context, in disseminated candidiasis where neutrophils are the 
main component of the infiltrates in inflammatory organs, IL-1β 

processing is probably mainly achieved by neutrophil-derived 
protease, rather than by caspase-1 (69, 70).

Differently from several models of systemic mycosis where 
NLRP3 inflammasome activation is associated with host pro-
tection and impairment of fungal growth (16–22), NLRP3 and 
caspase-1 deficient mice subcutaneously infected with F. pedrosoi 
developed to be self-healing in 30–40  days with a progressive 
fungal clearance. This finding is in accordance with the fact that 
infected mice lacking NLRP3 or Caspase-1 had similar histo-
logical and morphometric analyses of the footpad tissue when 
compared with control mice.

In conclusion, we revealed here the mechanisms of NLRP3 
inflammasome activation in macrophages and in mice infected 
with the most important CBM etiologic agent F. pedrosoi, as 
depicted in our proposed model in Figure  8. Future studies 
employing other causative agents of CBM will contribute to a 
better understanding on the role of inflammasome activation in 
the pathogenesis of this neglected disease.
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FigUre s1 | Fonsecaea pedrosoi conidia reaches the swelling stage of 
germination. Flow cytometry analysis of F. pedrosoi conidia incubed for 6 h with 
phosphate-buffered saline, RPMI supplemented with 20% of SBF (R20 medium) 
or bone marrow-derived macrophages (BMDMs) for 6 and 24 h. Infected 
BMDMs were washed to discard nonphagocyted fungus and lysed to release 
intracellular fungi. After, conidia were fixed and evaluated by flow cytometry 
analysis. Commercial 2 and 3 µm sized-cytometry-beads were used as control. 
Dot plot side scatter (FSC) vs forward scatter (FSC) analysis of conidia  
(a). Histogram analyses of conidia size (B). Average conidia size using the 
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median FSC and expressed as arbitrary units (au) (c). Data shown are 
mean ± SEM and are representative of three independent experiments. 
***p < 0.001, between groups indicated by brackets; n.s., not significantly.

FigUre s2 | Fonsecaea pedrosoi hyphae infection cause phagolysosome 
membrane permeabilization contributing to inflammasome activation. Bone 
marrow-derived macrophages were seeded on glass bottom culture dishes  
with RPMI for 1 h for cell adhesion. After wash of unbound cells with warm 
RPMI, cells were incubated with 70 kDa FITC-dextran (Sigma-Aldrich; 2 mg/mL) 
in RPMI with 10% FBS for 2 h. The cells were washed and infected or not 
(medium) with F. pedrosoi hyphae (MOI 1) or Cryptococcus neoformans yeasts 
(MOI 2) opsonized with anti-GXM Ab. After 4 h of infection, non-phagocytosed 
fungi were washed and infection proceeded up to 20 h. After infection, cells  
were washed again, incubated with RPMI medium without phenol red 

supplemented with 10% FBS and stained with DAPI. Cells were washed, 
incubated with medium, and visualized by fluorescence microscopy. White 
arrowhead indicates internalized fungi.

FigUre s3 | NLRP3 or caspase-1/11 absence do not affect tissue response  
to Fonsecaea pedrosoi infection. Wild-type, Nlrp3−/− and Caspase-1/11−/− mice 
were injected subcutaneously with 1 × 106 F. pedrosoi propagules into the  
hind footpad. For histology evaluation, infected mice were euthanized at the 
indicated days after infection and fragments of tissues were fixed with 10% 
phosphate-buffered formalin and embedded in paraffin. Paraffin-sectioned 
samples were stained with Hematoxilin and Eosin (H&E) and analyzed under  
a Zeiss inverted microscope (a). During infection, the injured tissue was measured 
every 3 days with a caliper for morphometric examination (B). Data shown are 
mean ± SEM (n = 4) and are representative of two independent experiments.
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Nayane Alves de Lima Galdino1, Dario Simões Zamboni 2 and Vera Lucia Garcia Calich1*

1Department of Immunology, University of São Paulo, São Paulo, Brazil, 2Department of Cell Biology, School of Medicine  
of Ribeirão Preto, University of São Paulo, São Paulo, Brazil

The NOD-like receptor P3 (NLRP3) inflammasome is an intracellular multimeric complex 
that triggers the activation of inflammatory caspases and the maturation of IL-1β and IL-18, 
important cytokines for the innate immune response against pathogens. The functional 
NLRP3 inflammasome complex consists of NLRP3, the adaptor protein apoptosis- 
associated speck-like protein, and caspase-1. Various molecular mechanisms were asso-
ciated with NLRP3 activation including the presence of extracellular ATP, recognized by 
the cell surface P2X7 receptor (P2X7R). Several pattern recognition receptors on innate 
immune cells recognize Paracoccidioides brasiliensis components resulting in diverse 
responses that influence adaptive immunity and disease outcome. However, the role of 
NLRP3 inflammasome was scantily investigated in pulmonary paracoccidioidomycosis 
(PCM), leading us to use an intratracheal (i.t.) model of infection to study the influence of this 
receptor in anti-fungal immunity and severity of infection. For in vivo studies, C57BL/6 mice 
deficient for several NLRP3 inflammasome components (Nlrp3−/−, Casp1/11−/−, Asc−/−) as 
well as deficient for ATP receptor (P2x7r−/−) were infected via i.t. with P. brasiliensis and 
several parameters of immunity and disease severity analyzed at the acute and chronic 
periods of infection. Pulmonary PCM was more severe in Nlrp3−/−, Casp1/11−/−, Asc−/−, 
and P2x7r−/− mice as demonstrated by the increased fungal burdens, mortality rates and 
tissue pathology developed. The more severe disease developed by NLRP3, ASC, and 
Caspase-1/11 deficient mice was associated with decreased production of IL-1β and IL-18 
and reduced inflammatory reactions mediated by PMN leukocytes and activated CD4+ and 
CD8+ T cells. The decreased T cell immunity was concomitant with increased expansion 
of CD4+CD25+Foxp3 regulatory T (Treg) cells. Characterization of intracellular cytokines 
showed a persistent reduction of CD4+ and CD8+ T cells expressing IFN-γ and IL-17 whereas 
those producing IL-4 and TGF-β appeared in increased frequencies. Histopathological 
studies showed that all deficient mouse strains developed more severe lesions containing 
elevated numbers of budding yeast cells resulting in increased mortality rates. Altogether, 
these findings led us to conclude that the activation of the NLRP3 inflammasome has a 
crucial role in the immunoprotection against pulmonary PCM by promoting the expansion 
of Th1/Th17 immunity and reducing the suppressive control mediated by Treg cells.

Keywords: pulmonary paracoccidioidomycosis, nOD-like receptor P3 inflammasome, Th1/Th17 immunity, 
regulatory T cells, immunoregulation
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inTrODUcTiOn

Paracoccidioides brasiliensis is the etiological agent of paracoc-
cidioidomycosis (PCM), the most prevalent systemic mycosis 
in Latin America (1). The pattern recognition receptors (PRRs) 
expressed on phagocytic cells recognize pathogen-associated 
molecular patterns (PAMPs) on P. brasiliensis surface and regu-
late the innate and adaptive phases of immunity. The different 
signaling pathways used by these PRRs to activate immune cells 
result in different patterns of cell activation, production of diverse 
pools of cytokines and chemokines triggering diverse immune 
mechanisms. In human PCM and experimental models, the 
prevalent expansion of Th1/Th17 cells with reduced expansion 
of Treg cells characterize the benign disease, whereas elevated 
proliferation of Th2/Th9 and Treg cells is associated with severe 
PCM (2–11).

The toll-like receptors (TLRs) play a crucial role in the 
recognition of fungal pathogens such as P. brasiliensis, Candida 
albicans, Aspergillus fumigatus, Cryptococcus neoformans, and 
others (8, 12–16). TLR2 and TLR4 sense P. brasiliensis mediated 
by MyD88-dependent signaling that leads to cytokines produc-
tion by alveolar and peritoneal macrophages (6, 7, 17, 18). These 
components were also seen to control the adaptive immunity 
and severity of disease developed by P. brasiliensis infected 
mice (6, 7, 18). In addition, C-type lectin receptors (CLRs) like 
mannose receptor (MR) and dectin-1 as well as the complement 
receptors 3 play an important role in P. brasiliensis recognition 
and activation of immune cells (8, 19–22). Altogether, these 
studies have demonstrated that in pulmonary PCM, as in other 
infectious pathologies, PRRs are key elements that govern 
protective immunity, which must be tightly controlled by anti-
inflammatory mechanisms as those mediated by Treg cells and 
their products (5–7).

The NOD-like receptor P3 (NLRP3) belongs to the NOD 
family of cytosolic PRRs that detect intracellular PAMPs well 
as danger signals, named danger associated molecular pat-
terns (DAMPs). Under cell activation, components of NLR 
family can aggregate into large cytoplasmic complexes called 
inflammasomes (23). The members of this family have a LRR 
(leucine-rich repeat) domain in the C-terminal structure, a 
nucleotide-binding and oligomerization domain containing 
a neuronal apoptosis inhibitory protein, and a N-terminal 
caspase recruitment domain (CARD) or pyrin (PYD) domain. 
In the canonical pathway of NLRP3 inflammasome activation, 
NLRP3 oligomerization is initiated through the apoptosis- 
associated speck-like protein (ASC) containing C-terminal 
CARD that is recruited to the complex via NLRP3-PYD-
ASC-PYD interaction. ASC associates with procaspase-1 
via CARD interaction, leading to caspase-1 activation that 
promotes the processing of pro-IL-1β and pro-IL-18 into their 
mature forms (24–26). The NLRP3 inflammasome is activated 
by a large repertoire of PAMPs and DAMPs, including ATP, 
uric acid crystals, silica, aluminum hydroxide, asbestos, 
reactive oxygen species (ROS), and bacterial or viral RNA  
(27, 28). Besides the canonical pathway, a non-canonical 
pathway that utilizes caspase-11 has been shown to activate 
NLRP3 inflammasome (29, 30). The non-canonical NLRP3 

inflammasome can be directly activated by LPS derived from 
Gram-negative bacteria and by some fungi, which are delivered 
into the cytosol and activate caspase-11. This, in turn, triggers the 
opening of the pannexin-1 channel that induces the K + efflux 
required for NLRP3 inflammasome activation and release of 
mature IL-1β (30, 31). The first signal for pro-IL-1β processing 
is through pro-IL-1β and NLRP3 expression mediated by NF-kB 
transcription that is potentially activated by TLRs and CLRs, and 
the second signal is the proteolytic processing of pro-caspase-1 
by activated NLRP3 (25). NLRP3 is the NLR mostly involved in 
the immunity against fungal infections (32–34). In C. albicans 
infection, the canonical and non-canonical pathways of NLRP3 
inflammasome activation were shown to be essential for medi-
ating IL-1β secretion (29, 35). In vivo studies of disseminated  
C. albicans infection showed that NLRP3, Syk, ASC, and cas-
pase-1 are fundamental to control disease severity and regulate 
the adaptive antifungal immune response through the induction 
of Th1 and Th17 development (36, 37). In an invasive pulmonary 
model of aspergillosis, NLRP3 and AIM2 were required to engage 
the inflammasome to trigger innate immune responses against 
A. fumigatus; mice lacking both AIM2 and NLRP3, but not mice 
lacking a single inflammasome receptor, were hyper susceptible 
to invasive aspergillosis (38). The pioneer study of Tavares et al. 
demonstrated that following P. brasiliensis infection, the produc-
tion of mature IL-1β by bone marrow-derived dendritic cells 
depends on NLRP3 and caspase-1 activation (39), although the 
fungal molecules associated with this process are still unknown. 
However, K +  efflux, ROS generation, lysosomal acidification, 
and cathepsin B release to the cytosol were seen to be required 
to the NLRP3 inflammasome activation by P. brasiliensis (39). 
Furthermore, a recent work of our lab showed that a dectin-
1-Syk mediated mechanism controls NLRP3 inflammasome 
activation by P. brasiliensis infected macrophages of resistant A/J 
mice (21). In another study using a murine model of systemic 
PCM induced by intravenous infection, the susceptibility of 
NLRP3 and caspase-1 knockout mice to P. brasiliensis infection 
was evaluated and their increased susceptibility was associated 
with reduced IL-18 production and Th1 immunity (40).

Because the human disease is thought to be acquired by the 
pulmonary route, and diverse routes of infection induce different 
patterns of immunity and disease severity (41), in the present 
study, we sought to investigate the role of NLRP3 inflammasome 
in the pulmonary infection caused by P. brasiliensis. Therefore, 
several C57BL/6 mouse strains deficient for NLRP3 inflamma-
some components (Nlrp3−/−, Casp1/11−/−, Asc−/− mice) as well as 
deficient for the ATP receptor (P2x7r−/− mice) were intratrache-
ally infected with 1 × 106 P. brasiliensis yeasts and compared with 
their wild type (WT) controls. Several parameters of pulmonary 
infection and immune response were evaluated at the acute and 
chronic phases of the disease. Our results indicated that NLRP3 
inflammasome plays a crucial role in the control of the innate 
and adaptive immunity against P. brasiliensis infection. This 
control was associated with IL-1β and IL-18 secretion induced 
by caspase-1 activity starting at an early phase of infection. The 
activation of NLRP3 inflammasome was seen to be essential to 
control fungal growth and activate protective T  cell immunity. 
This protective inflammatory response was composed of increased 
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numbers of PMN leukocytes and activated CD4+ and CD8+ 
T lymphocytes that migrate to the site of infection. Furthermore, 
NLRP3 inhibited the expansion and migration of regulatory T 
(Treg) cells resulting in a well-balanced and protective Th1/Th17 
immunity.

MaTerials anD MeThODs

Mice
Wild type (WT), Nlrp3−/−, Casp1/11−/−, P2x7r−/−, and Asc−/− 
C57BL/6 mouse strains were obtained from our Isogenic Unit 
(Immunology Department of Institute of Biomedical Sciences 
of University of São Paulo, Brazil). Casp1/11−/− mice (42) were 
provided by Dr. Flavell, R. (Howard Hughes Medical Institute, 
Yale University School of Medicine), Asc−/− mice (43) were pro-
vided by Dr. Zamboni, D. S. (University of São Paulo, Ribeirão 
Preto, São Paulo, Brazil), Nlrp3−/− mice (44) and P2x7r−/− (45) 
mice were obtained from Jackson Laboratories and used at 
8–11 weeks of age. Specific pathogen free mice were fed with 
sterilized laboratory chow and water ad libitum. Animal experi-
ments were performed in strict accordance with the Brazilian 
Federal Law 11,794 establishing procedures for the scientific 
use of animals, and the State Law establishing the Animal 
Protection Code of the State of São Paulo. All efforts were 
made to minimize suffering, and all animal procedures were 
approved by the Ethics Committee on Animal Experiments of 
the Institute of Biomedical Sciences of University of São Paulo 
(Proc.76/04/CEUA).

Fungus
Paracoccidioides brasiliensis (Pb 18 strain), isolated from a young 
patient in 1929, was maintained by weekly subcultivation in 
semisolid Fava Netto’s medium at 35°C (46). Yeast cells were col-
lected, washed, and adjusted to 20 ×  106 cells/mL. Viability was 
determined with Janus Green B vital dye (Merck Frankfurter 
Straße, Darmstadt, GER) and was always higher than 85%. The 
presence of LPS in all used solutions was determined by the 
Limulus amebocyte lysate chromogenic assay (Sigma-Aldrich,  
St. Louis, MO, USA) and always showed LPS levels <0.015 EU/mL.

intratracheal Fungal infection
Mice were anesthetized and submitted to intratracheal (i.t.)  
P. brasiliensis infection as previously described (47). Briefly, after 
intraperitoneal injection of ketamine (90  mg/kg) and xylazine 
(10 mg/kg), animals were infected with 1 × 106 Pb18 yeast cells, 
contained in 50  µL of PBS, by surgical i.t. inoculation, which 
allowed dispensing of the fungal cells directly into the lungs. The 
skin was then sutured, and mice were placed under a heat lamp 
until they recovered from anesthesia.

colony Forming Units (cFUs) assays
To assess the viable number of CFU in target organs, lungs, and 
livers from C57BL/6, Nlrp3−/−, Casp1/11−/−, P2x7r−/− and Asc−/− 
mice were aseptically removed, weighted, and homogenized in 
5 ml PBS using tissue grinders as previously described (48). In 
brief, 100 µL aliquots of 50- and 100-fold dilutions from organ 

homogenates were plated onto petri dishes containing brain heart 
infusion agar (Difco) supplemented with 5% P. brasiliensis 192 
culture filtrate and 4% (v/v) horse serum (Instituto Butantan, São 
Paulo, Brazil) and incubated at 36°C. The fungal counting started 
at day 5 after plating, which is the period when the fungus starts to 
grow. Thereafter, the counting was performed daily and number 
of CFUs per gram of tissue determined.

Mortality rates
Mortality studies were done with groups of 8 C57BL/6, Nlrp3−/−, 
Casp1/11−/−, P2xR7−/−, and Asc−/− mice inoculated i.t. with 1 × 106 
yeast cells. Deaths were registered daily and experiments were 
repeated twice.

histopathological analysis
Histopathological analysis of lungs and livers was performed as 
previously described (49). Briefly, lungs and livers from C57BL/6, 
Nlrp3−/−, Casp1/11−/−, P2x7r−/−, and Asc−/− mice were fixed in 
formalin (10%) and embedded in paraffin. Tissues sections were 
stained with hematoxylin–eosin (H&E) for analysis of the lesions 
and Grocott for fungal evaluation. Morphometrical analysis was 
performed using Nikon DXM 1200c digital camera and Nikon 
NIS Elements AR 2.30 software. Results were expressed as the 
mean ± SD for the total area of lesions.

cytokines Detection
The levels of IL-1β, IL-18, TNF-α, and IL-6 were measured in 
lung homogenates by ELISA with antibodies pairs purchased 
from eBioscience according to the manufacturer’s protocol. The 
absorbance values were determined using a spectrophotometric 
plate reader (VersaMax, Molecular Devices).

Flow cytometry analysis
Cells obtained from lung homogenates at 48 h, 2, 4, and 10 weeks 
after i.t. infection were isolated as previously described (50). In 
brief, the lungs were excised, minced, and digested with colla-
genase (1 mg/ml, Sigma) and DNase (30 µg/mL, Sigma) in RPMI 
buffer (5% fetal calf serum, Sigma). Leukocytes were isolated with 
Percoll (20%, Sigma). The numbers of leukocytes were adjusted 
to 1 × 106 cells/mL and suspended in staining buffer (PBS, 2% 
fetal calf serum and 0.1% NaN3). Fc receptors were blocked using 
unlabeled anti-CD16/32 antibodies (1  µg/ml; BD Biosciences), 
and cells were stained for 20  min at 4°C with the monoclonal 
antibodies diluted at optimal concentration: pacific blue (PB)-
labeled anti-CD45, anti-CD25, anti-IL-1β, anti-F4/80 (5 µg/ml); 
phycoerythrin (PE)-labeled anti-CD4, anti-Ly6G, anti-Syk kinase 
(2 µg/ml); PECy7-labeled anti-CD8, anti-CD4, anti-IL-4 (2 µg/
ml); allophycocyanin (APC)-labeled anti-CD44, anti-FoxP3, 
anti-CD8, anti-CD86, anti-IFN-γ (5  µg/ml); APC-Cy7-labeled, 
anti-CD45 (2  µg/ml); Brilliant Violet 510 (BV)-labeled anti-
IL-17 (2 µg/ml); peridinin chlorophyll protein (PerCP)-labeled 
anti-TGF-β, anti-CD62L, anti-MHCII (2  µg/ml); fluorescein 
isothiocyanate-labeled anti-CD11b, anti-CD3 (5  µg/ml); (from 
BD Biosciences or BioLegend). Cells were washed twice with 
staining buffer, fixed with 1% paraformaldehyde (Sigma), and 
acquired using a FACSCanto II equipment and software FlowJo 
(Tree-Star).
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intracellular cytokines Measurement
The intracellular detection of cytokines was performed as 
previously described (49). Briefly, cells were labeled for surface 
molecules with monoclonal antibodies: anti-CD45, anti-CD8 
(PB), anti-CD4 (PE), and anti-CD25 (PB) (BD Biosciences). For 
intracellular staining, cells were treated with Cytofix/Cytoperm 
kit (BD Biosciences), according to manufacturer’s protocol and 
labeled with anti-IL-1β (PECY7), anti-IFN-γ (APC), anti-IL-17 
(BV), anti-IL-4 (PECy7), anti-TGF-β (PerCP) monoclonal 
antibodies. For Treg characterization, plots were gated on 
CD4+CD25+ cells. Cells were fixed with 1% paraformaldehyde 
(Sigma) and acquired at 50,000 events using a FACSCanto II 
equipment and FACSDiva software (BD Biosciences) using 
software FlowJo (Tree-Star).

rna isolation and cDna synthesis
Lungs were homogenized in TRIzol reagent using tissue grind-
ers. RNA isolation and purification was performed as described 
(49) using Ultraclean Tissue & Cells RNA Isolation Kit (MO BIO 
Laboratories) according to the manufacturer’s protocol. RNA 
concentration was assessed on a NanoDrop ND-1000 spectro-
photometer. c-DNA synthesis was performed using the High 
Capacity RNA-to-cDNA kit (Applied Biosystems) following the 
manufacturer’s instructions.

real-time Quantitative Polymerase  
chain reaction
The cDNA was amplified using TaqMan Universal PCR Master  
Mix (Applied Biosystems) according to manufacturer’s pro-
tocol. The primers used were: IL-1β Mm01336189_m1; IL-18 
Mm00434225_m1; ASC (Pycard) Mm00445747_ g1; Syk 
(Sykb) Mm01333032_m1; Casp-1 Mm00438023_m1; Nlrp3 
Mm00840904_m1 (Applied Biosystems). Data were normalized 
to GAPDH gene expression. TaqMan PCR assays were performed 
on a MxP3000P QPCR System, and data were developed using 
the MxPro QPCR software (Stratagene). The average threshold 
cycle (CT) values of samples were normalized to CT value of 
GAPDH gene. The relative expression was determined by the 
2−ΔΔCT method.

statistics
Values represent means ± SD. Comparison among multiple groups 
was done with ANOVA non-pared test, and multiple comparisons 
according Bonferroni Differences between survivals were com-
pared by log-rank test. All statistical analyses were performed 
using the software GraphPad Prism (GraphPad Software, Inc.).

resUlTs

nlrP3 inflammasome controls the 
Pulmonary and hepatic Fungal loads  
of Mice i.t. infected with P. brasiliensis 
Yeasts
To evaluate the function of NLRP3 inflammasome in pulmonary 
PCM, we first investigated the control of fungal burdens by WT 
and NLRP3 inflammasome deficient (Nlrp3−/−, Casp1/11−/−, and 

Asc−/−) mice i.t. infected with (1 × 106) yeasts cells. Mice deficient 
for the ATP receptor (P2x7r−/−) were also studied. Lung and liver 
of mice were excised, macerated, and the homogenates were 
diluted at 1:100 and plated in Petri dishes. The fungal counting 
started at day 5 after plating, which is the period when the fungus 
starts to grow. Thereafter, the counting was performed daily. The 
degree of infection was analyzed from the acute to the late phases 
(48 h, 2, 4, and 10 weeks) of infection. In the acute phase (48 h 
p.i.), no differences in the pulmonary and hepatic fungal loads 
between WT and NLRP3 deficient mice were seen. In contrast, 
increased fungal recovery at weeks 2, 4, and 10 of infection were 
observed in the lungs of Nlrp3−/−, Casp1/11−/−, P2x7r−/−, and 
Asc−/− mice, that was more prominent at 10 weeks of infection 
(Figure 1A). At weeks 4 and 10 after infection increased, fungal 
burdens were seen in the liver of all deficient mice (Figure 1B). 
These data demonstrate that NLRP3 played an important role in 
the control of pulmonary fungal load and its dissemination to 
the liver.

P. brasiliensis infection induces the 
expression of mrna from nlrP3-
inflammasome related components  
That is abolished in Nlrp3−/−, Casp1/11−/−, 
and Asc−/− Mice
The activation of NLRP3 inflammasome requires two steps, the 
first mediated by PRRs and NFkB activation. Pathogen compo-
nents, which are TLRs agonists as well as inflammatory cytokines 
such as TNF-α and IL-1β can trigger NFκB activation through 
diverse signaling pathways (51, 52). Therefore, caspase-1 can 
trigger NFkB activity via activity of pro-inflammatory cytokines pro-
duced by ASC-dependent inflammasome activation. Additionally,  
recent studies have shown that caspase-1 and ASC can direct 
NFkB activation, and this process is independent on the enzy-
matic activity of caspase-1 (52, 53). Indeed, caspase-1 can trigger 
TLR2- and TLR4-mediated NFκB activation via MyD88 adaptor 
like (MAL) for signal transduction (54). This led us to hypothesize 
that the absence of NLRP3 components might reduce the mRNA 
expression of cytokines and other NLRP3-related components. 
Therefore, the expression of IL-1β, IL-18, NLRP3, Caspase-1, 
ASC, and Syk mRNA was characterized in lung macerates of WT, 
Nlrp3−/−, Casp1/11−/−, and Asc−/− mice at week 4 after infection. 
Increased expression of IL-1β, IL-18, NLRP3, Caspase-1, ASC, 
and Syk mRNA was detected in the lungs of WT mice compared to 
knockouts mice and uninfected mice as a control (Figures 2A,B) 
demonstrating that P. brasiliensis infection induces an increased 
synthesis of components associated with NLRP3 inflammasome. 
In addition, the increased expression of Syk mRNA suggests the 
contribution of this enzyme in the activation process of NLRP3 
as shown in our previous study (21).

secretion of il-1β and il-18 but not TnF-α 
and il-6 Depends on nlrP3 activation
The cytokines levels in lung homogenates of WT, Nlrp3−/−, 
Casp1/11−/−, P2x7r−/−, and Asc−/− mice were analyzed at 48 h, 2, 
4, and 10 weeks of P. brasiliensis infection. High levels of IL-1β 
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FigUre 2 | Paracoccidioides brasiliensis infection induces an increased 
expression of mRNA from NLRP3 inflammasome-related components, which 
is abolished in Nlrp3−/−, Casp1/11−/−, and Asc−/− mice. Real-time quantitative 
polymerase chain reaction analysis of the IL-1β, IL-18, Asc, Casp-1, Nlrp3, 
and Syk genes expression in the lung macerates of Nlrp3−/−, Casp1/11−/−, 
Asc−/−, and WT uninfected mice (a) and at week 4 of infection (B).

FigUre 1 | NOD-like receptor P3 (NLRP3) inflammasome controls the 
pulmonary and hepatic fungal loads of mice i.t. infected with P. brasiliensis 
yeasts. Disease severity was assessed by a CFU assay using macerated 
lungs (a) and livers (B) of WT mice, Nlrp3−/−, Casp1/11−/−, P2x7r, and 
Asc−/− mice infected with 1 × 106 yeasts cells via i.t. at 48 h, 2, 4, and 
10 weeks of infection. Data are expressed as the number of CFU/g tissue of 
an experiment using five mice. Equivalent results were obtained in a second 
experiment using the same number of infected animals (*P < 0.05, 
**P < 0.01, and ***P < 0.001).

Feriotti et al. NLRP3 Controls Pulmonary PCM

Frontiers in Immunology | www.frontiersin.org July 2017 | Volume 8 | Article 786

and IL-18 secretion were observed in the lungs of WT mice at 
all postinfection periods studied, but a more robust production 
was observed at weeks 4 and 10 postinfection. Equivalent reduced 
levels of these cytokines were detected in the lung supernatants of 
Nlrp3−/−, Casp1/11−/−, P2x7r−/−, and Asc−/− mice (Figures 3A,B). 
From 48 h up to 10 weeks of infection a modest increase of TNF-α 
and IL-6 secretion was observed in the lungs of all mouse strains 
studied, but no significant differences were observed at any 
period of infection (Figures 3C,D). These findings showed that 
in pulmonary PCM, TNF-α, and IL-6 production is independent 
on NLRP3 activation.

nlrP3 induces increased influx of  
PMn leukocytes, into the lungs of  
P. brasiliensis infected Mice
The pulmonary cellular infiltrates in WT, Nlrp3−/−, Casp1/11−/−, 
and Asc−/− mice were analyzed by flow cytometry at several peri-
ods of P. brasiliensis infection (Figure 4A). An increased influx 

of total leukocytes characterized as CD45+ cells was detected in 
the lungs of WT mice compared with Nlrp3−/−, Casp1/11−/−, and 
Asc−/− mice, which was more expressive in the acute phase (48 h) 
of infection (Figure 4B). After 48 h and 2 weeks of infection, a 
high number of CD11b+F4/80+ macrophages were seen in the 
lungs of infected mice, that decreases at later periods, but no  
significant differences between WT and deficient mice were 
detected (Figure  4C). Interestingly, an increased influx of 
GR1+Ly6G+ PMN cells was seen in the lungs of WT mice in 
comparison with Nlrp3−/−, Casp1/11−/−, and Asc−/− mice at 48 h, 
2 and 4 weeks of infection (Figure 4D). These data showed that 
NLRP3 actively regulates the cell infiltration that occurs in the 
lungs of P. brasiliensis infected mice.

nlrP3 induces increased influx of 
activated cD4+ and cD8+ T cells into  
the lungs of infected Mice
The profile of CD4+ cell activation was characterized by flow 
cytometry (Figure 5A). From week 2 onward, CD4+ T lympho-
cytes appeared in increased numbers in the lungs of WT when 
compared with Nlrp3−/−, Casp1/11−/−, and Asc−/− mice (Figure 5B). 
The subpopulations of naïve (CD4+CD44lowCD62Lhigh) and 
effector/memory (CD4+CD44highCD62Llow) T  cells were also 
determined. Our data showed increased numbers of naïve CD4+ 
T cells in the lungs of Nlrp3−/−, Casp1/11−/−, and Asc−/− compared 
with WT mice at weeks 2, 4, and 10 of infection (Figure 5C). In 
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FigUre 3 | Secretion of IL-1β and IL-18 but not TNF-α and IL-6 is controlled by NLRP3 inflammasome activation. The supernatants of macerated lungs from WT, 
Nlrp3−/−, Casp1−/− P2x7r−/−, and Asc−/− mice infected via i.t. with 1 × 106 Paracoccidioides brasiliensis yeasts were used to assess IL-1β, IL-18, TNF-α and IL-6 
production by ELISA. Levels of IL-1β and IL-18 (a,B) and TNF-α and IL-6 (c,D) in the lungs of mice 48 h, 2, 4, and 10 weeks after infection with P. brasiliensis 
yeasts. Data represents one of two independent experiments using five mice per group (n = 5). Experiment was performed in triplicates represented as 
Mean ± SEM (**P < 0.01 and ***P < 0.001 compared with deficient mice).
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contrast, WT mice presented increased numbers of pulmonary 
effector/memory CD4+ T cells at the same postinfection periods 
(Figure 5D). When the presence of activated CD8+ T cells was 
evaluated, an increased number of activated CD8+CD69+ T cells 
were detected in the lungs of WT mice at weeks 2, 4, and 10 of 
infection. In contrast, Nlrp3−/−, Casp1/11−/−, and Asc−/− mice 
had diminished numbers of activated CD8+ CD9+ T cells at 2 
and 4 weeks that were totally abolished at 10 weeks of infection 
(Figures 5E,F).

nlrP3 inhibits the Presence of Treg cells 
into the lungs of infected Mice
Regulatory T cells were characterized by the CD4+CD25+FOXP3+ 
phenotype as shown in the Figure 6A. An increased number of 
Treg cells was observed in the lungs of Nlrp3−/−, Casp1/11−/−, and 
Asc−/− at 4 and 10 weeks of infection, compared with WT mice, 
which also showed increased number of these cells, although 
lower than NLRP3 components deficient mice (Figure  6B). 
These data showed that NLRP3 played a role in the control of 
adaptive immunity to P. brasiliensis infection by increasing the 
number of activated T cells in WT mice, as shown in Figure 5D, 
and reducing the presence of Treg cells that migrate to the lung 
of WT mice.

nlrP3 signaling induces a Prevalent 
expansion cD4+ and cD8+ T cells 
expressing iFn-γ and il-17 with 
concomitant reduction of il-4+ and  
TgF-β T cells
We have further studied the expression of intracellular pro-IL-
1β, IFN-γ, IL-4, IL-17, and TGF-β cytokines by CD4+ and CD8+ 
T cells in the lungs of infected WT, Nlrp3−/−, Casp1/11−/−, and 
ASC−/− mice at 48 h, 2, 4, and 10 weeks of infection. Our data 
showed that in the acute phase of infection (48  h) there was 
an elevated frequency of CD4+ and CD8+ T  cells expressing 
intracellular pro-IL-1β, IFN-γ, and IL-4 in the lungs of WT 
and deficient (Nlrp3−/−, Casp1/11−/−, and ASC−/−) mice, but 
no significant differences were observed between the mouse 
strains. At this period, no significant expression of IL-17 and 
TGF-β was detected in CD4+ and CD8+ T cells (Figures 7A,E). 
From 2 to 10 weeks of infection, increased frequencies of IFN-
γ+ and IL-17+ CD4+ T cells were seen in the lungs of WT mice 
when compared with Nlrp3−/−, Casp1/11−/−, and Asc−/− mice. 
In contrast, there was an increased percentage of IL-4+ and 
TGF-β+ CD4+ T cells in the lungs of Nlrp3−/−, Casp1/11−/−, and 
Asc−/− compared with WT mice (Figures  7B–D). Generally, 
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FigUre 4 | Activation of NLRP3 inflammasome induces increased influx of PMN leukocytes into the lungs of Paracoccidioides brasiliensis infected mice. Inflammatory 
cell infiltrates in the lungs of WT, Nlrp3−/−, Casp1−/−, and Asc−/− mice infected with 1 × 106 P. brasiliensis yeasts were analyzed at different postinfection periods (48 h, 
2, 4, and 10 weeks) by flow cytometry. (a) Gates strategy using WT cells, (B) total leukocytes, (c) macrophages, and (D) PMN leukocytes were phenotyped by 
anti-CD45, F4/80, CD11b, GR1, and anti-Ly6G fluorochromes-labeled antibodies. Data represents one of two independent experiments using five mice per group 
(n = 5). Experiment was performed in triplicates represented as Mean ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001, compared with deficient mice).
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CD8+ T cells appeared in decreased frequencies when compared 
with CD4+ T cells, but a similar profile of cytokines expression 
was observed in both T cell subpopulations (Figures 7E–H). 
Interestingly, differences in IL-17 synthesis by CD8 T  cell 
were only seen at week 10 postinfection. These data showed 
that NLRP3 played an important role in the polarization of 
type-1 and type-17 T cell responses in WT mice resulting in a 
better control of P. brasiliensis infection. In contrast, Nlrp3−/−, 
Casp1/11−/−, and Asc−/− mice showed a prevalent Th2/Th3/

Treg profile of response that was unable to control the fungal 
infection.

P. brasiliensis infected Nlrp3−/−, 
Casp1/11−/−, P2x7r−/−, and Asc−/− Mice 
show increased Tissue Pathology and 
Decreased survival rates
To better clarify the importance of NLRP3 in the severity of 
P. brasiliensis infection, the histopathological analysis of the 
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FigUre 5 | NOD-like receptor P3 (NLRP3) inflammasome induces the migration of activated CD4+ and CD8+ T cells into the lungs of Paracoccidioides brasiliensis 
infected mice. Inflammatory cell infiltrates in the lungs of WT, Nlrp3−/−, Casp1−/−, and Asc−/− mice infected with 1 × 106 P. brasiliensis yeasts were analyzed at 
different postinfection periods (48 h, 2, 4, and 10 weeks) by flow cytometry. (a) Gates strategy using lung leukocytes from WT mice. (B) CD4+ T cells were 
characterized using anti-CD4 labeled antibodies. (c) Naïve (CD44lowCD62Lhigh) and (D) memory/effector (CD44highCD62Llow) CD4+ T lymphocytes were characterized 
using adequate gates and fluorochromes-labeled anti-CD4, CD44, and CD62L antibodies. (e) CD8+ and (F) CD8+CD69+-activated T cells were characterized using 
anti-CD8 and CD69 fluorochromes-labeled antibodies. Data represents one of two independent experiments using five mice per group (n = 5). Experiment was 
performed in triplicates represented as Mean ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001, compared with deficient mice).

Feriotti et al. NLRP3 Controls Pulmonary PCM

Frontiers in Immunology | www.frontiersin.org July 2017 | Volume 8 | Article 786

lung tissues of WT and Nlrp3−/−, Casp1/11−/−, P2x7−/−, and 
Asc−/− mice was performed at weeks 4 and 10 of i.t. infection. 
The histological sections were stained with hematoxylin–eosin 
(H&E) for cellular identification and with Groccot stain for 
fungal identification and localization in the tissue (Figure 8). 
The degree of infection was evaluated based in the size and 

morphology of lung lesions as well as fungal presence and 
intensity of inflammatory infiltrates. At 4 weeks of infection, 
less extensive and severe pulmonary lesions were observed 
in the lungs of WT in comparison with Nlrp3−/−, Casp1/11−/−, 
P2x7r−/−, and Asc−/− mice. The lungs of WT mice showed an 
inflammatory process that spread over the entire area of the 
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FigUre 6 | NOD-like receptor P3 (NLRP3) inflammasome inhibits the presence of regulatory T (Treg) cells in the lungs of infected mice. The number of Treg cells 
(CD4+CD25+FOXP3+) was determined in the lungs of WT, Nlrp3−/−, Casp1/11−/−, and Asc−/− mice infected with 1 × 106 Paracoccidioides brasiliensis yeasts at 
different postinfection periods (48 h, 2, 4, and 10 weeks) by flow cytometry. (a) Gates strategy using lung leukocytes from WT mice. (B) Treg cells 
(CD4+CD25+FOXP3+) were characterized using adequate gates and fluorochromes-labeled anti CD4, CD25, and FOXP3 antibodies. Data represents one of two 
independent experiments using five mice per group (n = 5). Experiment was performed in triplicates represented as Mean ± SEM (*P < 0.05, **P < 0.01, and 
***P < 0.001, compared with deficient mice).
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organ. Large fungal loads were restricted to the center of 
lesions. The granulomas were large and coalescent, but there 
were some preserved organ areas. In Nlrp3−/−, Casp1/11−/−, 
P2x7r−/−, and Asc−/− mice the extension and cellularity of the 
lesions as well as the presence of fungi were larger than in WT 
mice (Figure  8A). By 10  weeks of infection (Figure  8B), a 
similar pattern of lesions was detected, but at higher intensity. 
In comparison with week 4, a higher content of fungi within 
the granulomas and increased necrotic areas were seen at this 
postinfection period. In summary, the pathology developed 
by Nlrp3−/−, Casp1/11−/−, P2x7r−/−, and Asc−/− mice was much 
more severe than that presented by WT mice corroborating 
the data of the increased fungal burden and impaired T  cell 
immunity demonstrated by these mouse strains.

The extent of lesions areas in the lungs (Figures 9A,B) reveals 
that mice deficient for NLRP3, Caspase-1/11, P2X7R, and ASC 
showed significantly larger lesions occupying higher tissue area 
than those present in WT animals. Mortality studies were done 
with groups of eight mice i.t. infected with one million P. brasil-
iensis yeasts. Infected mice were monitored daily for a period of 
250 days to determine the survival time. As can be seen, Nlrp3−/−, 
Casp1/11−/−, P2x7r−/−, and Asc−/− mice had a significantly shorter 

survival time than WT mice (Figure  9C), further confirming 
the crucial importance of NLRP3 in the immunoprotection of 
pulmonary PCM.

DiscUssiOn

The role of NLRP3 inflammasome and the cooperation of 
TLRs and CLRs in the modulation of immune response against  
P. brasiliensis infection in macrophages and dendritic cells have 
been studied in our lab (8, 15, 18, 22). Using our murine model 
of resistance and susceptibility to PCM, it was verified that the 
activation of NLRP3 inflammasome by P. brasiliensis infection 
of macrophages from resistant A/J mice is dependent on dectin-
1-Syk signaling (21). Other studies showed the role of TLR2, 
TLR4, dectin-1, and MyD88 signaling in the secretion of pro-
inflammatory cytokines (IL-1β, TNF-α, and IL-6) and control 
of protective Th1/Th17 immune responses (5, 18, 20). Mice and 
patients infected with P. brasiliensis secrete IL-1β and IL-18, sug-
gesting that NLRP3 is an important player in the recognition of 
this fungal pathogen (55, 56). The role of NLRP3 using in vivo 
models of PCM were less explored; however, a recent study using 
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FigUre 7 | NOD-like receptor P3 (NLRP3) inflammasome induces a Th1/Th17 profile of immune response. Intracellular cytokine analysis from inflammatory 
infiltrates of lungs of WT, Nlrp3−/−, Casp1/11−/−, and Asc−/− mice infected with 1 × 106 Paracoccidioides brasiliensis yeasts was performed at 48 h (a,e), 2 weeks 
(B,F), 4 weeks (c,g), and 10 weeks (D,h) by flow cytometry. CD4+ and CD8+ T cells were labeled with anti-CD4 and anti-CD8 antibodies, permeabilized and 
intracellular cytokines determined using fluorochromes-labeled anti- IL-1β, IFN-γ, IL-4, IL-17, and TGF-β antibodies. Data represents one of two independent 
experiments using five mice per group (n = 5). Experiment was performed in triplicates represented as Mean ± SEM (*P < 0.05, **P < 0.01, and ***P < 0.001, 
compared with WT mice).
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FigUre 8 | NOD-like receptor P3 (NLRP3) inflammasome activation leads to less severe lung pathology. Photomicrographs of lungs of WT, Nlrp3−/−, Casp1/11−/−, 
P2x7r−/−, and Asc−/− mice infected i.t. with 1 × 106 Paracoccidioides brasiliensis yeasts after 4 and 10 weeks of infection. (a,B) Histological lung sections were 
stained with hematoxylin–eosin [H&E, left panels of (a,B)] or Groccot [right panels of (a,B)].
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mice systemically infected with P. brasiliensis demonstrated 
that NLRP3 controls host resistance by inducing a prevalent 
Th1 immunity associated with IL-18 secretion (40). Because 
human PCM is acquired by the pulmonary route of infection, in 
the present study, we sought to characterize the role of NLRP3 
inflammasome in i.t. infected mice whose response involves 
pulmonary-mediated immunological mechanisms. Several 
parameters of disease severity and host response were evaluated at 
several postinfection periods. Increased numbers of viable yeasts 
were recovered from lungs and livers of Nlrp3−/−, Casp1/11−/−, 
P2x7r −/−, and Asc−/− mice. Our CFU data corroborate with those 
of Ketelut-Carneiro et  al. that found increased fungal loads in  
the lungs and livers of Asc−/− and Casp1/11−/− mice infected by the 
i.v. route (40). Our study has also revealed for the first time the 
importance of the purinergic P2X7 receptor (P2X7R) in NLRP3 
activation by P. brasiliensis infection, in agreement with recent 
studies that demonstrated the participation of this receptor in the 
activation of the NLRP3 inflammasome and immunity against 
intracellular infections caused by Mycobacterium, Chlamydia, 

Leishmania, and Toxoplasma (57–60). In our pulmonary model 
of PCM, a marked influence of P2X7R in the immune response 
and disease severity of mice was clearly shown by the deficient 
fungicidal activity, decreased cytokines production, high tissue 
damage and decreased survival rates developed by P2X7R defi-
cient mice. As expected, NLRP3 activation exerted a profound 
influence in the levels of IL-1β and IL-18 present in the lung tissue 
and subsequent polarization of immune response. This finding 
indicates that the new equilibrium in the pool of pulmonary 
cytokines were responsible by the diverse immunity developed 
by NLRP3 deficient mice, once the levels of other cytokines 
such as TNF-α and IL-6 remained in the control levels. It is well 
known that IL-1β and IL-18 contribute to the induction of the 
adaptive immune response by stimulation of T cell proliferation, 
differentiation of Th1/Th17 immunity and increased activity 
of NKT cytotoxic cells (61). NLRP3 and pro-IL-1β mRNAs 
are highly expressed in the first signal of NLRP3 activation, as 
a result of the engagement of PRRs and PAMPs on phagocytes 
(25, 62). Our findings demonstrated that the genetic deficiency 
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FigUre 9 | NOD-like receptor P3 (NLRP3) inflammasome activation 
determines decreased pulmonary pathology and increased survival rates of 
Paracoccidioides brasiliensis infected mice. The total areas of lung lesions 
were calculated in the periods of 4 (a) and 10 weeks (B) after infection. Data 
are expressed as the mean ± SEM of triplicates from two independent 
experiments. (c) The mortality studies were conducted with groups of 8 WT, 
Nlrp3−/−, Casp1/11 −/−, Asc−/−, and P2x7r−/− mice i.t. infected with 1 × 106 P. 
brasiliensis. Mice were monitored daily for a period of 250 days to determine 
the survival time (*P < 0.05, **P < 0.01, and ***P < 0.001, compared with 
WT mice).
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of NLRP3, Casp1/11, and Asc totally impaired the expression of  
IL-1β, IL-18, NLRP3, Casp1, and ASC mRNA in the lungs 
of infected mice at week 4 of infection. Besides the control of 
NLRP3 inflammasome components, P. brasiliensis infection 
induced an increased expression of Syk, confirming our previous 
studies demonstrating the crucial role of dectin-1-Syk signaling 
in the activation of this receptor (21). It is well known that the 
definition of the inflammatory infiltrates that accompanies an 
infectious process helps to define the type and intensity of the 
established immune response. Here, the expression of NLRP3 
inflammasome-associated components was concomitant with 
increased infiltration of PMNs but not macrophages into the 
lungs of mice, indicating the selective influence of NLRP3 
activation on this important effector cell in fungal infections. 
PMN-rich inflammatory reactions characterize the function 
of Th17  cells that, besides the typical production of IL-17 
and IL-22, are committed with the secretion of chemokines 
involved in the migration and activation of PMN leukocytes  
(8, 63–66). In agreement, an enhanced differentiation of Th17 
and Tc17 cells were seen during the infection of NLRP3 sufficient 
mice. The NLRP3 inflammasome activation has also induced 
an increased influx and activation of CD4+ and CD8+ T cells to 
the lungs of mice that were probably involved in the control of 
fungal loads, and subsequent control of lung pathology. Indeed, 
decreased numbers of CD4+- and CD8+-activated T  cells were 

consistently seen in the lungs of Nlrp3−/−, Casp1/11−/−, and Asc−/− 
mice that developed increased fungal burdens associated with 
increased lung pathology and mortality rates. In pulmonary PCM, 
both T cell subsets participate in the protective mechanisms, with 
an intense and prominent contribution of CD8+ T cells (67, 68).  
Although in less number, CD8+ T  cells were here shown to 
participate in the immunity associated with NLRP3 activation, a 
relevant observation added to the role of this receptor in the host 
defense mechanisms against P. brasiliensis infection.

The caspase-1-dependent cytokines exert important 
effects in the initiation of the adaptive Th1 and Th17  cellular 
responses to fungal infections (37). IL-1β has been suggested 
to promote inflammatory diseases by inducing the expan-
sion of differentiated T  cells (69) and has been implicated, 
alone or in combination with IL-6 and TGF-β, in driving 
murine and human Th17 priming and phenotype stabilization  
(66, 69). IL-18 was initially discovered as an IFN-γ-inducing 
factor, which together with IL-12 promotes the development 
of Th1  cells (70). Here, we assessed the intracellular cytokines 
production to define the effect of NLRP3 activation in the Th1, 
Th2, and Th17 defense mechanisms of P. brasileinsis infected 
mice. A new balance of Th cells subsets was seen in the absence 
of NLRP3 inflammasome components: an increased expression 
of IL-4 and TGF-β that accompanied a reduced number of IFN-γ+ 
and IL-17+ CD4+ and CD8+ T cells. In murine PCM, we previ-
ously demonstrated that IL-4 can exert protective or deleterious 
roles, depending on the mouse strain studied (71). It can dampen 
excessive inflammatory reactions of B10.A mice but suppresses 
the protective Th1 immunity of C57BL/6 mice. A recent report 
showed that IL-4 suppresses NLRP3-dependent caspase-1acti-
vation and subsequent IL-1β secretion (72). These data show a 
mutual control between NLRP3 inflammasome and IL-4, as here 
observed. Our study also showed a clear association between 
NLRP3 activation and decreased synthesis of TGF-β and Treg cells 
development suggesting that the predominant pro-inflammatory 
milieu produced by this receptor significantly reduced the regula-
tory anti-inflammatory mechanisms. Interestingly, in a model of 
chronic kidney disease, the expression of NLRP3 was linked to 
the control of TGF-β-dependent signaling (73) although in our 
model enhanced TGF-β expressing cells were allied with absence 
of NLRP3 activation.

The analysis of intracellular cytokines revealed that NLRP3 
played an important role in the induction of Th1 and Th17 
responses with concomitant reduction of Th2/Treg expansion, 
a process of immune regulation associated with regressive dis-
ease in both humans and experimental models of PCM (2, 3,  
5–8, 10). In addition, an important contribution of CD8+ T cells 
to IL-17 and IFN-γ production was also seen. Although no 
studies have directly addressed the role of IL-17 in PCM, several 
indirect findings clearly demonstrated that a well-balanced 
production of pro- and anti-inflammatory cytokines is crucial 
to determine a protective immunity. The evaluation of cytokines 
production by patients with polar forms of PCM has shown that 
the prevalent synthesis of Th1/Th17 cytokines characterized the 
mild forms of chronic PCM, whereas an elevated production of 
IL-4 and IL-9, associated with high numbers of Treg cells, were 
linked with the severe forms of the disease (10). Our previous 
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studies have also demonstrated that a balanced differentiation of 
Th1/Th17/Treg cells is fundamental to achieve immunoprotec-
tion in pulmonary PCM. Indeed, the absence of TLR2 signaling 
induces excessive pathology associated with increased Th17 
differentiation an impaired Treg development (6). In contrast, 
in TLR4 deficiency the excessive proliferation of Treg cells and 
reduced Th17 differentiation led to more severe disease (7). 
Importantly, the absence of dectin-1 signaling induced a critical 
reduction in all IL-17 secreting cells, particularly IL-17+CD8+ 
T cells and a severe PCM (20). These findings, and those here 
reported clearly indicate that the equilibrium in the expansion 
of T cell subpopulations is fundamental to immunoprotection 
against PCM.

The findings here reported are in contrast with those of Ketelut-
Carneiro et al. showing that an enhanced Th1 immunity controlled 
by increase production of IL-18 was responsible by the protective 
role of NLRP3 inflammasome in a murine model of PCM (40). 
These discrepancies, however, could be attributed to the route of 
infection used. Indeed, the study of Ketelut-Carneiro et al. used 
i.v. infected mice (40), whereas our studies were done with i.t. 
infected animals. In this aspect, our previous studies have clearly 
shown the influence of the route of infection in the severity of the 
disease and immune response of P. brasiliensis infected mice (41). 
We verified that the s.c. route induces a self-healing infection in 
several mouse strains allied with elevated delayed hypersensitivity 
reactions. Interestingly, the previous s.c. infection of B10.A mice 
led to immunoprotection or disease exacerbation depending on 
the route of fungal challenge. Immunoprotection was achieved 
after intraperitoneal challenge and was associated with persistent 
cell-mediated immunity and a mixed type-1/type-2 immunity. 
Exacerbated disease was found after intravenous challenge and 
was linked with anergy of cellular immunity and prevalent type-2 
immune response (41). In contrast to the prevalent Th1/Th17 
immunity induced by NLRP3 inflammasome activation in WT 
mice, Nlrp3−/−, Casp1/11−/−, and Asc−/− mice showed increase 
expansion and migration of Treg cells to the site of infection 
that possibly have contributed to the deficient control of fungal 

loads and non-protective inflammatory reactions. In agreement, 
the survival studies showed increased mortality rates among 
Nlrp3−/−, Casp1/11−/−, Asc−/−, and P2x7r−/− mice accompanying 
increased fungal burdens and areas of lung lesions. In conclusion, 
the more efficient immunity mediated by Th1 and Th17 cells asso-
ciated with NLRP3 inflammasome activation is highly protective 
to pulmonary PCM and this intracellular receptor appears to be 
significantly involved in the control of signaling pathways that led 
to the integration of innate and adaptive host immune responses 
to P. brasiliensis infection.
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The NLRP3 inflammasome is activated in response to different bacterial, viral, and fungal 
pathogens and serves as modulator of different pattern recognition receptors signaling 
pathways. One of the main functions of NLRP3 is to participate in IL-1β maturation 
which is important in the host defense against Pneumocystis and other fungal infec-
tions. However, dysregulation of NLRP3 and IL-1β secretion are also implicated in the 
pathophysiology of many auto-inflammatory disorders. Often time’s inflammatory flares 
are preceded by infectious illnesses questioning the role of infection in autoimmune 
exacerbations. However, we still do not fully understand the exact role that infection 
or even colonization plays as a trigger of inflammation. Herein, we investigated the role 
of NLRP3 in circulating B-lymphocytes following activation with two major microbial 
antigens (β-glucan and CpG). NLRP3 was determined essential in two independent 
B-lymphocytes processes: pro-inflammatory cytokine secretion and antibody reg-
ulation. Our results show that the β-glucan fungal cell wall carbohydrate stimulated 
B-lymphocytes to secrete IL-1β in a process partially mediated by Dectin-1 activation 
via SYK and the transcription factors NF-κB and AP-1. This IL-1β secretion was 
regulated by the NLRP3 inflammasome and was dependent on potassium efflux and 
Caspase-1. Interestingly, B-lymphocytes activated by unmethylated CpG motifs, found 
in bacterial and fungal DNA, failed to induce IL-1β. However, B-lymphocyte stimulation 
by CpG resulted in NLRP3 and Caspase-1 activation and the production and secre-
tion of IgM antibodies. Furthermore, CpG-stimulated IgM secretion, unlike β-glucan- 
mediated IL-1β production, was mediated by the mammalian target of rapamycin 
(mTOR). Inhibition of NLRP3 and the mTOR pathway in CpG activated B-lymphocytes 
resulted in impaired IgM secretion suggesting their participation in antibody regulation.  
In conclusion, this study describes a differential response of NLRP3 to β-glucan and CpG 
antigens and identifies the NLRP3 inflammasome of human circulating B-lymphocytes 
as a modulator of the innate and adaptive immune systems.

Keywords: β-glucan, B-lymphocytes, inflammasome, fungi, cpg, nlrP3, il-1β, igM
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inTrODUcTiOn

The host immune system greatly determines the severity of fun
gal diseases. In patients with an intact immune system, fungal 
infections are often clinically asymptomatic or manifest as a mild 
respiratory illness. In the immunocompromised host, however, 
fungal infections can disseminate and result in a lifethreatening 
event with high morbidity and mortality. Fungal diseases are on 
the rise, likely as a result of increasing use of immunosuppressive 
agents to treat malignancies and autoimmune diseases. Better 
understanding of fungal immunity will help with the develop
ment of alternative antifungal therapeutic strategies that enhance 
specific aspects of host immunity.

Blymphocytes, wellknown players of the adaptive immune 
response, react to fungal pathogens by generating antibodies 
and by releasing inflammatory cytokines (1, 2). In the pres
ence of T  cells, Blymphocyte responses are characterized by 
isotype class switch and generation of memory and longlived 
plasma cells leading to the production of high affinity immu
noglobulins (Igs) mostly of the IgG subtype. In the absence 
of T  cells, Blymphocytes still generate Igs but these are of 
low affinity and mostly IgM. Tcell independent activation of 
Blymphocytes also results in the release of a variety of cytokines 
and chemokines which are mostly triggered by the activation 
of pattern recognition receptors (PRRs) such as tolllike recep
tors (TLRs) and Clectin receptors (3). PRRs are expressed by 
most innate immune effector cells, including Blymphocytes and 
play a critical role in the detection of pathogens by recognizing 
conserved pathogenassociated molecular patterns like βglucan 
and CpG. βglucans are highly immunogenic carbohydrates 
found in the cell wall of many fungi including Aspergillus spp., 
Candida spp., and Pneumocystis while CpG are highly immuno
reactive unmethylated motifs found in bacterial and fungal DNA 
(4, 5). While each signal using specific PRRs, both have potent 
immunomodulatory properties and can activate Blymphocytes 
directly without the participation of T  cells. Blymphocyte 
activation by βglucan and CpG results in the secretion of a 
specific profile of proinflammatory cytokines and chemokines 
important for the orchestration and activation of monocytes, 
macrophages, and neutrophils and therefore essential for host 
defense against fungal and other infections (6–8).

The NLRP3 inflammasome is generally triggered by infection 
or tissue damage and participates in the processing of mature and 
bioactive IL1β from its precursor and inactive form (proIL1β) 
(9, 10). Since increased production of IL1β is known to be impor
tant for the clearance of fungal infections and little is known about 
the contribution of Blymphocytes to the innate immune fungal 
defense, we sought to investigate the role of NLRP3 activation in 
Blymphocytes upon fungal βglucan stimulation and compare it 
with Blymphocyte responses to CpG.

The assembly of the inflammasome classically involves the 
recruitment of a Nodlike receptor (NLR), an adaptor protein 
(ASC) and a protease (procaspase1). Depending on the stimuli, 
the activation of NLRP3 can follow a canonical pathway that 
involves caspase1 activation or a noncanonical pathway that is 
independent of caspase1. In the particular case of βglucans, the 
data are contradictory and both pathways have been described 

(11–13). In Blymphocytes, however, the participation of NLRP3 
in cytokine regulation and other processes has not been well 
characterized.

Herein, we describe a dual function of the NLRP3 inflamma
some in activated peripheral human Blymphocytes as a modu
lator of IL1β secretion as well as antibody production. While 
fungal βglucans andCpG were both able to elicit activation of the 
NLRP3 inflammasome, the mechanisms of activation were diver
gent with βglucan inducing IL1β secretion and CpG an increase 
of IgM. Furthermore, CpG activation of NLRP3 was dependent 
on the activation of the mammalian target of rapamycin (mTOR) 
pathway while βglucan activation was mTORindependent.

MaTerials anD MeThODs

reagents and antibodies
Endotoxinfree buffers and reagents were scrupulously used in all 
experiments. Curdlan, Zymosan, and Laminarin were purchased 
from Sigma Chemical Co. (St. Louis, MO, USA). Aspergillus fumig-
atus βglucan preparations were isolated as previously described 
(14). To ensure that all glucan preparations were free of endotoxin 
prior to use in culture, Curdlan, Zymosan, and A. fumigatus glu
cans were vigorously washed 10 times with distilled physiological 
saline, incubated rotating overnight with polymyxin B (Sigma, 
St. Louis, MO, USA) at 4°C, then vigorously washed again with 
distilled physiological saline. The final preparations were assayed 
for endotoxin with the limulus amebocyte lysate method using 
Pyrosate Rapid Endotoxin Detection Kit (Associates of Cape Cod,  
East Falmouth, MA, USA) and found to consistently contain less 
than 0.25 EU/ml. Glucans were pulse sonicated 10 times using 
a Branson digital sonifier (VWR Scientific, Radnor, PA, USA) 
at 35% amplitude immediately before addition to the cultures. 
The Erk 1/2 inhibitor (PD98059), SYK inhibitors (Piceatannol 
and R406), and NFκB inhibitor (Bay117085) were all obtained 
from Calbiochem, Inc. (San Diego, CA, USA). AP1 inhibitor (SR 
11302) was from R&D Systems, Inc. (Minneapolis, MN, USA). 
Caspase inhibitors (AcYVADCMK and AcYVADCHO) were 
purchased from Cayman Chemical (Ann Arbor, MI, USA), 
VX765 was from AdooQ Bioscience (Irvine, CA, USA), and 
Rapamycin was purchased from Selleck Chemicals (Houston, 
TX, USA). KCl and Adenosine 5′triphosphate (ATP) were from 
Sigma and oxidized ATP (oxATP) and MCC950 were from EMD 
Millipore (Billerica, MA, USA). Phosphorothioateprotected CpG 
oligonucleotide (5′TCGTCGTTTTGTCGTTTTGTCGTT3′) 
ODN 2006 and A. fumigatus oligonucleotides; AF1 (5′TCGTC 
GTTGTCGTCGTC3′) and AF2 (5′TCGTCGTTGTCGTC3′) 
were commercially synthesized by Integrated DNA Technologies, 
Inc. For most of the experiments, we used CpG ODN 2006 
(CpG) unless otherwise specified. Antibodies recognizing the 
inflammasome components caspase1 and IL1β were purchased 
from Santa Cruz Inc. (Dallas, TX, USA), while NLRP3, ASC, and 
the mTOR pathway antibodies; mTOR, phosphomTOR, S6K, 
and phosphoS6K were from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). The neutralizing antibody for Dectin1 was 
purchased from AbD Serotec (Raleigh, NC, USA) and Isotype 
control antibody was from R&D Systems, Inc. (Minneapolis,  
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MN, USA). All other reagents were obtained from SigmaAldrich 
(St. Louis, MO, USA) unless specified otherwise.

leukocyte isolation and culture
All methods were carried out in accordance with relevant guide
lines and regulations. Human Blymphocytes were isolated as 
previously described (7). Briefly, Blymphocytes were isolated 
from acid citrate dextrose anticoagulated blood obtained from 
deidentified healthy volunteer platelet donors in accordance 
with the current regulations by the AABB and the US Food and 
Drug Administration (15) and by the Mayo Clinic Institutional 
Review Board (IRB). Ethics committee approval was not required 
according to the local and national and guidelines. Cells were 
isolated using RossetteSep Bcell enrichment cocktail accord
ing to the manufacturer’s protocol (StemCell Technologies, 
Vancouver, BC, Canada). The enriched Blymphocyte population 
was repeatedly observed to contain an average of 93.1% ± 2.3% 
Blymphocytes. Sorting of human CD19+ Blymphocytes into 
naïve (CD27−) and memory (CD27+) Blymphocytes was 
performed using mouse antihuman CD27APCVio770 and 
mouse antihuman CD19PE antibodies from Miltenyi Biotec 
(San Diego, CA, USA), on a FACSAria II SORP flow cytometer 
running FACSDiva v 6.1.3 software.

rna isolation and real-time  
qPcr analysis
Total cellular RNA was isolated from Blymphocytes using  
RNeasy Plus Universal Mini Kit (Qiagen) according to the 
manufacturer’s instructions. For cDNA synthesis, total RNA 
concentrations and purity were determined using a Nanodrop 
ND1000 spectrophotometer, and 1 µg RNA was used in a 20 µl 
reaction mixture using a Verso cDNA Synthesis Kit (Thermo 
Scientific). Quantitative realtime PCR was performed in 10 µl 
reaction in a 96well plate using 2 µl of diluted cDNA with SYBR 
Premix Ex Taq (Clontech Laboratories, Inc.) on a ViiA7 Real 
Time PCR Detection System (Life Technologies). The data were 
analyzed with ViiA7 software, version 1.2.4 (Life Technologies). 
Relative transcript expression of IL1β was determined using 
the comparative Ct method, and was normalized to GAPDH 
transcripts of the same cDNA samples. The results were 
expressed as % of the target gene relative to that of GAPDH and 
plotted as the mean  ±  SEM. Experimental reproducibility was 
confirmed using three biological replicates from independent 
experiments which used Blymphocytes from three differ
ent donors. The primers used for amplification were: IL1β, 
5′ATGCACCTGTACGATCACTG3′ and 5′ACAAAGGACA 
TGGAGAACACC3′; GAPDH, 5′ACATCGCTCAGACACCA 
TG3′ and 5′TGTAGTTGAGGTCAATGAAGGG3′.

cytokines and igM Detection
Blymphocytes (4 × 105 cells/well in 96well plates) were cultured 
with 1 µg/ml of CpG (ODN 2006), or with 1 µg/ml AF1, 1 µg/ml 
AF2, 200 µg/ml of Curdlan (Curd), 200 µg/ml Zymosan (Zym), 
200 µg/ml or 200 µg/mlA. fumigatus βglucan (AspG) in culture 
medium for 24 h for IL1β and other cytokines and 5 days for 
IgM unless otherwise indicated. Cell supernatants were then 

analyzed for IL1β, TNFα, IL6, MMP7, and IgM production 
using human DuoSet ELISA kit for MMP7 from R&D Systems, 
Inc. (Minneapolis, MN, USA), BD OptEIA human ELISA kit for 
IL1β and ReadySetGo ELISA kit for TNFα, IL6, and IgM from 
Thermo Fisher (Rochester, NY, USA). ELISAs were performed 
according to each manufacturer’s instructions. Inhibitors [50 and 
100 µM Caspase1 inhibitors (VX765 and YVAD.CMK), 50 mM 
KCl, 50 µM oxATP, 100 µM MCC950, 40 µM Piceatannol, 5 µM 
R406, 10 µM Bay117085, 10 µM SR11302 or 1 mg/ml Laminarin] 
and neutralizing antibodies (5 µg/ml antiDectin1 IgG or mouse 
IgG) were incubated with Blymphocytes for 1 h prior to addi
tion of CpG or βglucan preparations. Inhibitors were dissolved 
in dimethyl sulfoxide unless otherwise indicated. Solvents were 
added to all treatments to assure that solvents concentrations are 
the same in all treatment conditions.

caspase-1 activity assay
Caspase1 activity was determined by a Caspase1 Fluorometric 
Assay (BioVision, Mountain View, CA, USA), according to the 
manufacturer’s instruction. Briefly, 107 Blymphocytes were 
stimulated with Curdlan and CpG in the presence of the caspase 
inhibitor YVADCMK, incubated at 37°C for 24 h and lysed with 
cell lysis buffer on ice for 10 min. Then, equal volumes of 2× reac
tion buffer and YVADAFC were added to the 200 µg of lysates 
in a 96well plate and incubated for 2  h at 37°C. The samples 
were read on a Softmax microplate reader (Molecular Devices, 
Sunnyvale, CA, USA) with a 400 nm excitation filter and 505 nm 
emission filter. The caspase1 activity is expressed relative to the 
unstimulated control.

cellular Viability
Cell viability was assessed using the XTT Cell Proliferation 
Kit II (Roche Molecular Biochemicals, Indianapolis, IN, USA) 
according to the manufacturer’s protocol. This assay measures 
the conversion of sodium3′[1(phenylaminocarbonyl)3, 
4tetrazolium]bis(4methoxy6nitro) benzenesulfonic acid 
hydrate (XTT) to a formazan dye through electron coupling in 
metabolically active mitochondria using the coupling reagent 
Nmethyldibenzopyrazine methyl sulfate. Only metabolically 
active cells are capable of mediating this reaction, which is 
detected by absorbance of the dye at 450–500 nm. Briefly, 50 µl 
of the XTT labeling mixture was added to the 100 µl of growth 
medium containing Blymphocytes and different concentrations 
of the inhibitors. The XTT labeling mixture was added in parallel 
samples 24 h after the addition of the various inhibitors. A set 
of blanks was also included that did not contain cells and was 
treated identically as the normal samples. In addition, a set of 
solvent controls was also included for each inhibitor. Absorbance 
was measured at 6  h after XTT addition. All treatments were 
performed in three replicates. Only inhibitor concentrations that 
elicited less than 20% net toxicity were used in these assays.

Preparation of cell lysates, 
electrophoresis, and immunoblotting
Total cellular proteins were obtained from Blymphocytes fol
lowing the described culture conditions. Briefly, the cells were 
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washed with cold PBS twice and lysed in RIPA buffer (50 mM 
Tris–HCl pH 7.4, 15  mM NaCl, 0.25% deoxycholic acid, 1% 
NP40) freshly supplemented with 1 mM phenylmethylsulfonyl 
fluoride, mammalian protease inhibitor mixture, 10  mM Na 
Fluoride, and 1 mM Na Orthovanadate. Cells were kept on ice 
for 15 min and then the lysates were centrifuged at 12,000 × g 
for 10 min at 4°C. The resultant soluble supernatant contained 
total cellular protein. Protein concentrations were determined 
with the BioRad protein assay (Hercules, CA, USA) using BSA 
as the standard. Equal amounts of total cellular proteins were 
separated on SDS10% polyacrylamide gels with Precision Plus 
Protein Dual Color Standards (BioRad; Hercules, CA, USA) 
being used as the molecular weight standards. Proteins were 
transferred to ImmobilonP membranes (Millipore, Bedford, 
MA, USA). Membranes were then blocked at room temperature 
for 30  min with 1% BSA/TBST (TBS, pH 7.4, 1% BSA, 0.1% 
Tween 20) and incubated overnight at 4°C in a blocking solu
tion containing primary antibodies at the appropriate dilutions. 
After washing with TBST, the membranes were incubated with 
horseradish peroxidaseconjugated secondary antibodies for 
1  h. Immunoreactive bands were detected with SuperSignal 
West PicoChemiluminescent Substrate from Thermo Scientific 
(Rockford, IL, USA). Actin was used as loading control for the 
cell lysates and a nonspecific protein for the cell supernatant.

statistical analyses
All data are presented as the mean ± SEM, from at least three 
independent experiments from different biological donors, 
unless otherwise specified. An experimental run included at least 
three different donors. The data were first analyzed using one
way ANOVA, the differences between the individual groups were 
compared using multiple comparisons posttest unless otherwise 
indicated. Statistical analysis was performed using GraphPad 
Prism Version 5 (GraphPad Software, La Jolla, CA, USA).

resUlTs

il-1β is induced by Fungal β-glucans  
in a T-cell independent Manner
Blymphocytes respond to fungal βglucans and bacterial DNA 
in a Tcell independent manner by releasing cytokines and 
chemokines important for the acute inflammatory response 
(8, 16). We have previously shown that βglucanstimulated 
peripheral human Blymphocytes are a source of IL8, IL6, and 
TNFα (7). Additionally, supernatant from βglucanstimulated 
Blymphocytes was able to significantly increase neutrophil 
chemotaxis suggesting the contribution of Blymphocytes in the 
acute inflammatory process (7). To further understand the role 
of Blymphocytes in fungal defense and since IL1β has been 
shown to participate in fungal clearance and neutrophil recruit
ment (17, 18), freshly isolated peripheral Blymphocytes from 
normal donors were stimulated with either βglucan (Curdlan) or 
CpG (CpG ODN 2006) and assessed for IL1β expression. RNA 
levels of IL1β were significantly elevated in βglucanstimulated 
cells but not in those stimulated with CpG (Figure 1A). Protein 
levels of IL1β were next confirmed in the cell supernatants by 

ELISA. As expected, βglucanstimulated cells secreted significant 
amounts of active IL1β in a dose and time responsive manner 
(Figures 1B,C). The addition of βglucan to CpG did not enhance 
IL1β stimulation (Figure 1D). Furthermore, IL1β secretion was 
not restricted to curdlan βglucans as other βglucan preparation 
such as zymosan and βglucan from Aspergillus were also potent 
inducers of IL1β (Figure 1E). Similarly, failure to induce IL1β 
secretion was not restricted to CpG ODN 2006, since two different 
CpG motifs present in A. fumigatus DNA (AF1 and AF2) (4) also 
failed to stimulate IL1β secretion (Figure  1F). The differential 
response of Blymphocytes to βglucan and CpG was intriguing, 
though similarly observed by our group in the setting of IL8 
and IgM (7). Our published studies demonstrated that βglucan
induced IL8 secretion had no effect on IgM while CpG stimulated 
IgM secretion did not participate in IL8 secretion (7).

β-glucan and cpg induce activation  
of the nlrP3 inflammasome in human 
circulating B-lymphocytes
The NLRP3 inflammasome is crucial for the processing of 
biologically inactive IL1β (proIL1β) into the mature and bio
logically active form (IL1β). It was therefore important for us to 
determine its role in βglucanmediated IL1β secretion. Protein 
expression of NLRP3, ASC, caspase1, and proIL1β as well as 
caspase1 activity were therefore assessed and found to increase 
significantly upon βglucan stimulation (Figures  2A,C). CpG 
stimulation did not induce proIL1β, a required step needed for 
mature IL1β production (Figure 2B). However, despite the lack 
of increase in proIL1β, CpG also resulted in activation of the 
NLRP3 inflammasome (Figures 2B,C).

To further demonstrate that Caspase1 and NLRP3 were 
indeed important in βglucanmediated IL1β secretion and since 
primary human Blymphocytes are not suitable for lentivirus 
infection or transfection with other forms of interfering RNA, 
IL1β was measured in the cell supernatant of stimulated cells 
in the presence of different Caspase1 and NLRP3 inhibitors. 
As shown in Figures 2D–F, the use of the caspase1 inhibitors 
VX765 and YVADCMK, KCL, oxATP, and the specific NLRP3 
inhibitor, MCC950 (19), resulted in significant decreases of IL1β 
secretion, confirming the participation of the canonical NLRP3 
inflammasome pathway in βglucanmediated IL1β secretion. 
Absence of cell toxicity was confirmed for all the inhibitors as 
shown in Supplement S1 in Supplementary Material.

Since prior data suggested that in NLRP3 deficient mice IgM 
secretion and antibody production are impaired (8, 20–22), we 
hypothesized that NLRP3 may regulate IgM secretion. We and 
others have additionally shown that peripheral Blymphocytes 
secrete IgM in response to CpG (ODN 2006) (7, 23) (Supplement 
S2 in Supplementary Material). To better understand the role of 
NLRP3 activation in CpGstimulated Blymphocytes we further 
investigated if IgM was also triggered in response to AF1 and AF2. 
As shown in Figure 3A IgM was similarly induced by all forms of 
CpG tested. Next, we evaluated IgM levels after CpG stimulation  
in the presence of different concentrations of MCC950. 
Interestingly, the levels of IgM decreased in the presence of 
MCC950 in a dosedependent manner (Figure 3B; Supplement S3A  
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FigUre 1 | Fungal β-glucans elicit IL-1β secretion in B-lymphocytes. Quantitative real-time PCR for IL-1β mRNA was determined in non-treated cells (NTC) or 
B-cells stimulated with CpG or Curdlan (Curd). Expression was normalized to GAPDH (a). IL-1β levels were measured by ELISA in the cell supernatant of curdlan 
stimulated cells at different concentrations (B), for different periods of time (c), with CpG and Curdlan as indicated (D) with different β-glucan preparations: Curdlan, 
Zymosan (Zym), and Aspergillus fumigatus (AspG) (e) and with different CpG motifs from A. fumigatus: AF1 and AF2 (F). Stimulation was done overnight unless 
otherwise indicated. 200 µg/ml β-glucan and 1 µg/ml CpG, AF1, and AF2 were used unless otherwise specified. Data are representative of at least three donors  
in each independent experiment (n = 3). *p < 0.05, **p < 0.01, ***p < 0.0001, ns, not significant (p > 0.05).
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in Supplementary Material). To ensure that this effect was specific 
to inhibition of the NLRP3 inflammasome, IL6, MMP7, and 
TNFα were also assessed in the presence of MCC950. As shown 
in Figure 3C, none of the other cytokines and metalloproteases 
were affected by the presence of the inhibitor further supporting 
the specific role of the NLRP3 inflammasome in IgM secretion. 
Additionally, IgM release was also impaired in the presence of 
KCL, oxATP, and caspase inhibitors (Figures 3D,E; Supplement 
S3A in Supplementary Material), all wellknown agents that 
affect the functioning of the NLRP3 inflammasome.

Dectin-1 and syk-Participate in nlrP3 
activation by β-glucans While cpg 
signaling activation of nlrP3  
regulates igM via mTOr
Since the inflammasome was activated by both βglucan and 
CpG and both are known to signal through very different PRRs, 
we next explored the specific signaling pathways that lead to 
IL1β and IgM secretion upon βglucan and CpG, respectively.

βGlucans are known to signal predominantly through the 
Clectin receptor Dectin1 (6, 7, 24, 25) while CpG is the natural 
ligand for TLR9 (4, 26). Hence, we first explored the contribution 
of Dectin1 in βglucaninduced IL1β signaling. Blymphocytes 
were preincubated with either laminarin (a soluble βglucan 
known to bind to Dectin1 acting as a competitive inhibitor) or 

a specific Dectin1 blocking antibody prior to βglucan stimula
tion. IL1β levels were significantly reduced in the presence of 
both, laminarin and the Dectin1 antibody, confirming the role of 
Dectin1 in βglucanmediated IL1β secretion (Figures 4A,B). 
βglucanmediated IL1β was also dependent on Syk and the 
transcription factors NFκB and AP1 (Figures 4C,D).

TLR9 is the main receptor for CpG motifs found in bacterial 
and fungal DNA (4, 26) and it is known that stimulation by CpG 
also involves mTOR (4, 6, 27–29). In contrast, βglucan stimula
tion does not seem to require mTOR (6). Thus, to additionally 
understand the potential involvement of mTOR activation in 
IgM and IL1β regulation, phosphorylation of mTOR and other 
mTORrelated proteins were assessed after cells were stimulated 
for different period of time with CpG or βglucan. mTOR and 
other mTORrelated proteins (S6K, S6, and 4EBP1) tested were 
phosphorylated upon CpG but not after βglucan stimulation 
with the exception of 4EBP1 which seemed to be phosphorylated 
by both (Figure 5A; Supplement S3B in Supplementary Material). 
βglucan activation of 4EBP1 was inhibited in the presence of 
PD98059, a specific ERK1/2 inhibitor, and not by Rapamycin, a 
wellknown mTOR inhibitor, suggesting that 4EBP1 activation, in 
βglucanstimulated cells, was mTORindependent and required 
ERK1/2 (Supplement S4 in Supplementary Material), consistent 
with prior observations (30).

As our data suggested that NLRP3 regulates IgM via mTOR, 
we measured IgM levels after CpGstimulation in the presence 
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FigUre 2 | IL-1β secretion requires the NLRP3 inflammasome. Immunoblot analysis of NLRP3, ASC, proCaspase-1, Caspase-1 p20, pro-IL-1β, and actin after 
curdlan (a) or CpG stimulation (B) for different periods of time, as indicated. (c) Capase1 activity was determined in unstimulated cells (NTC), after Curdlan (Curd) 
and CpG stimulation. In some cases, the stimulation was performed in the presence of the caspase inhibitor YVAD-CMK (50 µM) as indicated. IL-1β ELISA 
measured in the cell supernatant of NTC, after curdlan stimulation and after curdlan stimulation of cells pretreated with VX-765 and YVAD-CMK (D), 50 mM KCL 
and 50 µM oxidized ATP (oxATP) (e) and 100 µM MCC950 (F) as indicated. 200 µg/ml curdlan and 1 µg/ml CpG were used for stimulation. Data are representative 
of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.0001.
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and absence of Rapamycin. The use of Rapamycin resulted in 
significant reduction of IgM thus confirming the role of mTOR 
signaling in IgM regulation (Figure  5B; Supplement S3A in 
Supplementary Material). The levels of IgM in the presence 
of Rapamycin were comparably reduced to the levels of IgM 
after MCC950. In contrast, βglucan stimulation of IL1β, 
while reduced in the presence of MCC950, was not affected 
by the use of Rapamycin confirming that this is an mTOR
independent process (Figure  5C). Interestingly, Rapamycin 
inhibition of the NLRP3 inflammasome seemed to affect 

Caspase1 activation as shown in Figure 5D. Similar observa
tions were made for MCC950, consistent with prior published 
observations (31).

Memory B-lymphocytes are the Main 
Producers of il-1β and igM
Peripheral Blymphocytes can be divided into naïve and 
memory cells. In order to further understand the subtype of 
Blymphocytes responsible for the secretion of IL1β and IgM, 
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FigUre 3 | CpG induces NLRP3-mediated antibody production. IgM (a,B), IL-6, TNF-α, and MMP-7 (c) were measured by ELISA in the cell supernatant of 
unstimulated (NTC), CpG, AF1 and AF2 stimulated cells, and CpG stimulated cells in the presence of different concentrations of MCC950 as indicated. Cells were 
left untreated (NTC) or pre-incubated with 50 mM KCL, 50 µM oxidized ATP (oxATP) (D), and the caspase-1 inhibitors, YVAD-CHO and YVAD-CMK, at a 
concentration of 50 µM each (e) prior to stimulation with CpG as indicated. 1 µg/ml CpG was used unless otherwise specified. Data are representative of at least 
three donors in each independent experiments (n = 3). ***p < 0.0001.
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and since it is clearly established that naïve and memory cells 
produce different cytokine patterns upon stimulation (32, 33). 
We isolated Blymphocytes by negative selection and then sorted 
them into CD20+CD27− (naïve) and CD20+CD27+ (memory) 
cells. The two different subtypes of Blymphocytes were inde
pendently stimulated with either βglucan or CpG. IL1β and 
IgM levels in the cell supernatant were then measured by ELISA. 
As Figure 6A shows, we observed that IL1β was mostly secreted 
by memory cells whereas IgM production was greater from the 
sorted memory cells and significantly higher than naïve cells 
(p < 0.001), but was still seen at significant levels in the naïve 
cells upon CpG stimulation. Costimulation of the BCR receptor 
resulted in an increase in IgM secretion but it did not have a 
significant effect on IL1β secretion (Figure 6B).

DiscUssiOn

In this study, we demonstrate that in human peripheral 
Blymphocytes the NLRP3 inflammasome is differentially acti
vated by fungal βglucan and CpG antigens. Activation of NLRP3 
by fungal βglucan resulted in the cleavage of proIL1β into its 
active form. While this is a wellknown function of the NLRP3 
in other cell types such as macrophages and dendritic cells, its 
role in peripheral human Blymphocytes was not yet clearly 
understood. Furthermore, herein we have shown that IL1β 
secretion was mediated through the major βglucan receptor 
Dectin1 and required signaling through Syk, consistent with our 
prior observations of βglucan signaling in Blymphocytes and 
current knowledge in other immune cells (6, 7, 11, 34–36). IL1β 
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FigUre 4 | Dectin-1 partially mediates IL-1β secretion and requires SYK and 
the transcriptions factors AP-1 and NF-κB. IL-1β ELISA measured in the cell 
supernatant of curdlan (Curd) stimulated cells in the presence or absence of 
1 mg/ml Laminarin (Lamin) (a), 5 µg/ml anti-dectin-1 antibody (α-Dect1) or 
5 µg/ml isotype control (Ms IgG) (B), 40 µM of the SYK inhibitor, piceatannol 
(pice) and 5 µM of the SYK inhibitor, R406 (c), and 10 µM of the NF-κB 
inhibitor, Bay11, and 10 µM of the AP-1 inhibitor, SR11 (D). Data are 
representative of at least three donors in each independent experiments 
(n = 3). *p < 0.05, ***p < 0.0001.
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regulation was mediated by the transcription factors NFκB and 
AP1 known to be necessary for the transcription of proIL1β 
(35, 37). Once proIL1β is formed then subsequent activation 
of the NLRP3 inflammasome is necessary for the processing of 
the inactive proIL1β into the active or mature form. Activation 
of the inflammasome via the canonical and noncanonical 
pathways has been described in other cell types (13, 35, 38). For 
instance, in dendritic cells, Dectin1 participates not only in the 
activation of NFκB and synthesis of proIL1β by curdlanacti
vated dendritic cells but also in the production of mature IL1β 
through a noncanonical inflammasome that recruits ASC and 
caspase8 to the complex CARDMaltBCL10 (38). Caspase8 
has also been reported as an effector and regulator molecule of 
the canonical NLRP3 inflammasome that drives IL1β production 
(13). Herein, we demonstrate that stimulation of Blymphocytes 
with βglucan and CpG resulted in the activation of the canonical 
NLRP3 pathway and involved both ASC and caspase1 activa
tion. Interestingly, while βglucanmediated IL1β secretion 
via Dectin1SykNFκB/AP1 pathways and canonical NLRP3 
activation, CpG stimulation of Blymphocytes also resulted in the 
activation of the canonical NLRP3 inflammasome, but triggered 
the secretion of IgM and not IL1β. The lack of IL1β was likely 
due to the absence of proIL1β which limited the production of 
the active form since no substrate was available.

Studies have shown that host immunity against disseminated 
candida, aspergillosis, and pneumocystis infection relies on IL1β 
to clearly mount an adequate immune response, particularly 
in early stages of disease (17, 39–41). Impaired IL1β secretion 
results in decreased recruitment of neutrophils, macrophages, and 
lymphocytes to the lungs, affecting the phagocytosis and killing 
of the fungi (17). IL1β also acts by activating the release of other 

inflammatory cytokines, like IL6 and TNFα as well as inducing 
Th17 polarization, all important mediators in antifungal defense 
(42). Furthermore, IL1β is also involved in the pathogenesis of 
many inflammatory diseases such as familial mediterranean fever, 
familial coldinduced autoinflammatory syndrome, steroid 
resistant asthma, and rheumatoid arthritis (43–46). In most 
of these diseases, blocking IL1β by monoclonal antibodies 
or blocking the NLRP3 inflammasome provide symptomatic 
relief and are currently the standard clinical treatment strate
gies. Understanding IL1β regulation in Blymphocytes offers a 
new way to potentially develop treatments that will continue to 
improve the clinical course of patients, not only during the acute 
infectious process, but potentially by ameliorating these chronic 
inflammatory conditions as well.

Over the last decade, microbiome studies have clearly dem
onstrated that the lower respiratory tract is colonized by many 
organisms and is not sterile as initially assumed. It is very likely 
that the lung microbiome, similar to the intestinal microbiome, 
plays an important role in maintaining the wellfunctioning 
defense mechanisms of the respiratory mucosa (47). It is also 
highly probable that bacterial and fungal antigens, through 
activation of PRRs, help to keep the immune system in a basal 
activation state that ultimately results in the wellbeing of the 
host. However, if this balance is disrupted, and the microbiota 
loses diversity, the more prevalent microbial antigens through 
the same PRR would have no regulatory negative feedback 
resulting in an exaggerated inflammatory response. In the clini
cal setting, single or paucity fungal colonization in the airway 
is not uncommon, particularly in immunosuppressed patients. 
While the clinical significance of this finding is unknown, in 
the majority of the cases it gets overlooked, as the thought is 
that it does not result in a clinically significant illness. While 
this may be true, our observations suggest that fungal antigens 
are potential triggers of IgM, IL1β, and other inflammatory 
cytokines (IL8, IL6, and TNFα) that can potentially act as 
chronic stimuli for Blymphocytes. Thus, it is important to 
recognize that fungal activated Blymphocytes, while they can 
contribute to host protection against fungal diseases in the 
right clinical setting, they can also result in a source of chronic 
inflammation.

Contrary to what we observed in βglucanstimulated 
Blymphocytes, our data also showed that CpG, while activating 
the NLRP3 inflammasome, did not result in IL1β secretion, 
but upregulated IgM secretion via the mTOR signaling pathway 
(see proposed mechanism in Figure  7). The role of NLRP3 in 
antibody production has been suggested in animal models (8); 
however it has not been investigated in human Blymphocytes. 
Herein, we showed that inhibition of NLRP3 decreased IgM 
production in a dosedependent manner while not affecting the 
secretion of other cytokines such as TNFα, IL6, and MMP7, 
suggesting that the production of IgM is seemingly controlled by 
the NLRP3 inflammasome.

The mTOR pathway is ubiquitously expressed in immune cells, 
including Blymphocytes (48, 49). Upon activation it regulates 
important cell processes such as protein translation, cell growth and 
proliferation (50). mTOR functions as two signaling complexes, 
mTOR complex 1 (mTOR1) and mTOR complex 2 (mTOR2).  
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FigUre 5 | Mammalian target of rapamycin (mTOR) regulates IgM production. (a) Immunoblot analysis of p-mTOR, p-S6K, p-S6, p-4EBP1 after curdlan (Curd)  
or CpG stimulation, for the indicated periods of time. Total mTOR, S6K, S6, 4EBP1 and actin were used as protein control. IgM (B) and IL-1β (c) ELISA were 
measured in the cell supernatant of unstimulated cells (NTC), CpG stimulated cells, and CpG stimulated cells in the presence of MCC950 (MCC) and Rapamycin 
(Rapa) for 24 h. (D) Immunoblot analysis of NLRP3, and Caspase-1 in NTC, after CpG stimulation in the presence and absence of MCC950 (MCC) and Rapamycin 
(Rapa). Actin was used as protein loading control. Cells were stimulated with 200 µg/ml curdlan and 1 µg/ml CpG and pre-incubated with 100 µM of MCC950 and 
100 nM Rapamycin. Data are representative of at least three donors in each independent experiments (n = 3). *p < 0.05, **p < 0.01, ***p < 0.0001.
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Activation of mTOR1 results in phosphorylation of p70s6K 
(S6K), S6, and eukaryotic initiation factor 4Ebinding protein (4E
BP1) which is important for the regulation of protein synthesis 
(50). Herein, we found phosphorylation of S6, S6K, and 4EBPE 
after CpG stimulation. Furthermore, the use of Rapamycin, a 
welldescribed mTOR1 inhibitor, decreased IgM secretion. The 
use of Rapamycin also affected NLRP3 and caspase1 activa
tion, therefore impairing the function of NLRP3 inflammasome 
complex and suggesting that IgM regulation is not only mediated 
by NLRP3 but also by mTOR. Prior observations in macrophages 
also suggest that mTOR inhibition suppresses NLRP3 inflam
masome activation in macrophages (31). In their study, mTOR 
regulated HK1dependent glycolysis was critical for NLRP3 acti
vation. While further investigations are needed in Blymphocytes, 
studies to deeply understand the specific mechanism by which 
mTOR and NLRP3 are controlling antibody regulation  
in Blymphocytes studies have shown that mTOR participates in 
the regulation of high affinity antibodies (51). Furthermore, in ani
mal models, impaired mTOR signaling in follicular and marginal 

Blymphocytes stimulated by LPS show a marked reduction of 
IgM and IgG (50, 52). That mTOR is important for germinal center 
formation is known (48) however, little is known about the unique 
function of mTOR in circulating human Blymphocytes. Here, we 
have demonstrated the participation of mTOR in NLRP3 function 
and regulation of IgM. Interestingly, while βglucans are able to 
trigger different cytokines and chemokines, they fail to induce 
IgM in human peripheral Blymphocytes (7). These data differ 
from prior studies in murine models in which curdlan stimula
tion seemed to induce IgM secretion (8). While the differences 
seen between the two experimental models could be explained 
by the differences in the experimental methodology and the lack 
of βglucan to induce proliferation in the human cells; herein, we 
have shown the inability of curdlan to trigger mTOR activation, 
a step found to be important for IgM secretion. Our observations 
are novel and raise awareness of the role of NLRP3 as regulator 
not only of IL1β and IL18 but also of IgM. Interestingly, despite 
NLRP3 activation, IL18 was not induced by βglucan or CpG in 
peripheral Blymphocytes (7).
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FigUre 7 | Proposed mechanism of NLRP3 activation by β-glucan and CpG 
in circulating human B-lymphocytes. β-glucan and CpG activate NLRP3 in 
peripheral B-lymphocytes. While β-glucan activated B-lymphocytes secrete 
IL-1β via NLRP3 activation (1), CpG does not induce IL-1β but IgM  
(2). CpG-induced IgM via NLRP3 is mammalian target of rapamycin 
(mTOR)-dependent but not β-glucan-mediated IL-1β secretion.

FigUre 6 | Different levels of IL-1β and IgM secretion by stimulated naïve and memory B-lymphocytes. B-lymphocytes were isolated by negative selection, stained 
for 30 min with anti-CD20 and anti-CD27 antibodies, and sorted into (CD20+CD27+ and CD20+CD27−). Sorted cells were then plated at 2 × 106/ml and stimulated 
with CpG and curdlan (Curd) (a) or with B cell receptor ligand (BCRL) alone or in combination with CpG or curdlan (B) as indicated. IgM and IL-1β ELISA were 
measured in the cell supernatant 72 h later. 200 µg/ml curdlan and 1 µg/ml CpG were used unless otherwise specified. Data are representative of at least three 
donors in each independent experiment (n = 2) ***p < 0.0001, ns, not significant (p > 0.05).
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Beyond their antibodyproducing role, Blymphocytes can 
affect the local immune environment through the release of 
cytokines and other proteins; however, how they modulate and 
contribute to the orchestration of the innate immune system 

is not clearly understood. Our group has recently shown that 
activated Blymphocytes participate in the recruitment of neu
trophils by releasing IL8 and indirectly by contributing to the 
release of syndecan4 via MMP7 (6, 7). Syndecan proteins are 
expressed on the cell membrane and can be shed into the extra
cellular space by metalloproteases (53). Upon shedding they are 
free to bind to different cytokines participating in the regulation 
of cytokine influx and neutrophil recruitment (54–56). Herein, 
we further demonstrated that Blymphocytes also contribute to 
the pool of IL1β, a proinflammatory cytokine very important 
for antimicrobial host defense (42) and to the secretion of IgM 
antibodies. Naïve and memory Blymphocytes play different 
roles in the regulation of the immune response by releasing 
different cytokine profiles (2). Here, we investigated the specific 
Blymphocyte subtype responsible for IL1β and IgM secretion 
and contrary to what we have observed with MMP7, which 
was mostly released by naïve cells, memory cells were found 
to be the main source for both IL1β and IgM (6). While the 
exact mechanisms by which different Blymphocyte subtypes 
seem to preferentially secrete a specific cytokine milieu is not 
totally understood, these patterns are not fixed and can be 
influenced by the circumstances that surround their activation 
such as presence of Tlymphocytes and other inflammatory 
cells, by the integration of different signals from multiple 
receptors and by the proportion of the different Blymphocytes 
compartments (2, 33, 57). These are important observations 
with therapeutic implications as Blymphocyte reconstitution 
after Rituximab (Blymphocyte depleted agent) treatment 
favors naïve Blymphocytes (33). Increased numbers of naïve 
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Blymphocytes, based on our observations, will result in a 
decrease of IL1β and IgM levels potentially contributing to a 
less inflammatory milieu. How these changes may affect antimi
crobial and antiinflammatory host response need to be further 
investigated.

In summary, this study identified that the NLRP3 inflammasome 
is essential for two independent processes, proinflammatory 
cytokine secretion and antibody regulation. Whether NLRP3 
activation resulted in cytokine or antibody regulation depended 
on the stimulating antigen with IL1β secretion being triggered 
by fungal βglucans and IgM by CpG. NLRP3 regulation was also 
differently regulated upon βglucan or CpG antigens and was 
mTORindependent when stimulated by βglucans but mTOR
dependent upon CpG stimulation. The new role of the NLRP3 
inflammasome and the mTOR pathway as regulators of IL1β and 
IgM in activated Blymphocytes studied here offers a potential 
new strategy to treat autoimmune disease in which IL1β and 
pathogenic IgM antibodies may play a role, particularly if trig
gered by infectious agents. Further investigations are therefore 
needed to clarify the potential benefits of mTOR and NLRP3 
inhibitors in these clinical settings.
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One of the major life-threatening infections for which severely immunocompromised 
patients are at risk is invasive aspergillosis (IA). Despite the current treatment options, 
the increasing antifungal resistance and poor outcome highlight the need for novel 
therapeutic strategies to improve outcome of patients with IA. In the current study, we 
investigated whether and how the intracellular pattern recognition receptor NOD1 is 
involved in host defense against Aspergillus fumigatus. When exploring the role of NOD1 
in an experimental mouse model, we found that Nod1−/− mice were protected against IA 
and demonstrated reduced fungal outgrowth in the lungs. We found that macrophages 
derived from bone marrow of Nod1−/− mice were more efficiently inducing reactive 
oxygen species and cytokines in response to Aspergillus. Most strikingly, these cells 
were highly potent in killing A. fumigatus compared with wild-type cells. In line, human 
macrophages in which NOD1 was silenced demonstrated augmented Aspergillus killing 
and NOD1 stimulation decreased fungal killing. The differentially altered killing capacity 
of NOD1 silencing versus NOD1 activation was associated with alterations in dectin-1 
expression, with activation of NOD1 reducing dectin-1 expression. Furthermore, we 
were able to demonstrate that Nod1−/− mice have elevated dectin-1 expression in 
the lung and bone marrow, and silencing of NOD1 gene expression in human macro-
phages increases dectin-1 expression. The enhanced dectin-1 expression may be the 
mechanism of enhanced fungal killing of Nod1−/− cells and human cells in which NOD1 
was silenced, since blockade of dectin-1 reversed the augmented killing in these cells. 
Collectively, our data demonstrate that NOD1 receptor plays an inhibitory role in the 
host defense against Aspergillus. This provides a rationale to develop novel immuno-
therapeutic strategies for treatment of aspergillosis that target the NOD1 receptor, to 
enhance the efficiency of host immune cells to clear the infection by increasing fungal 
killing and cytokine responses.

Keywords: nOD1, Aspergillus fumigatus, nucleotide-binding oligomerization domain, dectin-1, fungal killing
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inTrODUcTiOn

Invasive aspergillosis (IA) is an opportunistic fungal infection 
that globally affects hundreds of thousands severely immuno-
compromised patients on an annual basis (1). IA is associated 
with an unacceptable high mortality (2), yet modern antifungal  
drugs, patient isolation care, and prophylactic treatment 
strategies have not been able to reduce mortality over the past 
years. An increased knowledge of the antifungal host response 
is crucial for understanding the pathogenesis of the disease 
on one hand and on the other hand in the development of 
new immunomodulatory therapies, which are considered to 
be one of the few possibilities to decrease mortality associated 
with IA (3).

A fine-tuned interplay between recognition and signaling 
leads to the clearance of the fungus by the immune system, 
while defects in parts of these components or their absence have 
been associated with severe infections with the fungus. Although 
most types of PRRs, including toll-like receptors and C-type 
lectin receptors, have well-characterized roles in antifungal host 
defense (4, 5). Some PRRs have, however, not yet been evaluated 
for their role in antifungal host defense. Insights in these not yet 
explored PRRs might yield new insights in the pathogenesis of 
IA and provide potential candidate targets for novel treatment 
strategies.

The nucleotide-oligomerization domain (NOD) receptors 
play a crucial role in host defense against bacteria; however, 
only limited evidence is available regarding the role of these 
receptors in host defense against aspergillosis. One of the NOD 
receptors, NOD1, has been described to be able to activate NFκB 
in corneal epithelial cells in response to Aspergillus fumigatus 
(6). However, it is not yet investigated whether NOD1 plays a 
role in host defense against pulmonary aspergillosis. Overall, 
it is evident that NOD1 plays an important role in pulmonary 
host defense. NOD1 is highly expressed in the lung (7) and 
in lung epithelial cells (8). Human alveolar macrophages 
utilize NOD1 to induce proinflammatory cytokine responses 
and induce autophagy for an efficient host defense against 
Mycobacterium tuberculosis (9). Moreover, in host defense 
against Legionella pneumophila, NOD1 regulates neutrophil 
recruitment to the alveoli (10, 11). These studies of pulmo-
nary host defense against bacteria reveal various mechanisms, 
induced by NOD1, that are known to play significant roles in 
host defense against A. fumigatus; e.g., autophagy machinery 
(12–15), neutrophil recruitment (16–18), and proinflamma-
tory cytokines (19–21).

Therefore, the current study investigates the role of NOD1 
in host defense against aspergillosis. Specifically, in a murine 
model representing immunocompromised hosts, we assess how 
NOD1 deficiency influences the host defense during aspergil-
losis. Using murine Nod1-deficient cells as well as silencing of 
NOD1 gene expression in primary human cells, we systemati-
cally evaluated the importance of this receptor in the antifungal 
response. Novel insight into the exact biology of this receptor 
during aspergillosis can increase our understanding of the 
infection, which subsequently may lead to the development of 
immunotherapeutic strategies.

MaTerials anD MeThODs

Aspergillus fumigatus
A clinical isolate of A. fumigatus V05-27, which has been  
characterized previously (22), was used for all ex vivo and in vitro 
stimulations. Conidia and hyphae were prepared and heat-
inactivated (HI) as previously described (23). A concentration 
of 1  ×  107/mL was used in the experiments unless otherwise 
indicated. For in  vivo experiments, the luciferase-expressing 
A. fumigatus 2/7/1 strain was used, which has been described 
previously (24); this strain has been reported to have a similar 
antifungal susceptibility and demonstrates no growth defects 
under various in  vitro cultivation conditions such as different 
temperatures and carbon sources (24). In corticosteroid immu-
nosuppressed mouse models of aspergillosis (25), the 2/7/1 strain 
demonstrated a similar virulence as observed for its parental 
strain CBS144.85 (26, 27).

In Vivo experiments
Mice for in  vivo experiments were supplied by the breeding 
center R. Janvier (Le Genest Saint-Isle, France). For the survival 
experiment in an immunosuppressed background C57/BL6 wild 
type (WT), and Nod1−/− mice (28 to 31 g, 10 weeks old) were 
used. Mice were immunosuppressed at day 4 and day 1 before 
infection by intraperitoneal injection of 200-µL cyclophos-
phamide (Sigma Aldrich) at 4 mg/mL. At the day of infection, 
mice were anesthetized by intramuscular injection (150 µL) of 
ketamine (10 mg/mL) and xylasine (10 mg/mL) hair was shaved 
from the ventral lung area and subsequently mice were inocu-
lated intranasally with 5 × 104 luciferase-expressing A. fumigatus 
2/7/1 conidia (24) in 25-µL PBS.

In all experiments, survival and weight was monitored during 
the course of infection. Bioluminescence imaging was acquired at 
day 1 post-infection (pi) and was continued on days 2, 3, 6, and 
8 pi. Images were acquired using an IVIS 100 system (PerkinElmer, 
Waltham, MA, USA) as previously described (25).

For immunological and histological assessment female C57/
BL6 and Nod1−/− mice (19–22 g, 8 weeks old) were used. They 
received similar immunosuppression regimen and were similarly 
infected as the mice for survival. Weight and bioluminescence 
were monitored daily during the course of infection. At day 3, the 
mice were euthanized. Serum and BAL were collected and lung 
homogenates were obtained following disruption in saline using 
the Retsch Mixer Mill 301 homogenizer. Cytokine concentrations 
in BAL and plasma were determined by ELISA as specified by the 
manufacturer (DuoSet; R&D Systems).

The fungal burden was determined by amplification of 
Aspergillus ITS2 regions. Briefly, homogenized tissue samples 
were used for DNA isolation by using the automated MagNA Pure 
system and the MagNA Pure LC Total Nucleic Acid Isolation Kit 
according to manufacturer’s protocol (Roche Applied Science). 
PhHV was added to all samples as an internal isolation control C.

The concentration of total isolated DNA was measured by 
using the Quantus Fluorometer (Promega). Aspergillus loads 
were determined by real-time PCR using the LC480 instru-
ment and the probes master kit (Roche applied Science). 
Thermocycling conditions were as follows: 37°C for 10  min, 
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95°C for 10 min, and 50 cycles: 95°C for 15 s, and 60°C for 45 s. 
The rDNA ITS2 region of A. fumigatus was detected by using 
primers 5′-GCGTCATTGCTGCCCTCAAGC-3′, 5′-ATATGC 
TTAAGTTCAGCGGGT-3′ and probe Cy5-TCCTCGAGCGTA 
TGGGGCTT-BBQ. The PhHV isolation control was detected by 
using primers 5′-GGGCGAATCACAGATTGAATC-3′, 5′-GCG 
GTTCCAAACGTACCAA-3′ and probe LC610-TTTTTATGT 
GTCCGCCACCATCTGGATC- BBQ. For the ITS2 detection, a 
twofold dilution series of the cloned PCR product was included 
to calculate the number of copies per reaction.

PBMc isolation and stimulation
Venous blood samples from healthy controls and patients were 
obtained after written informed consent. PBMCs were isolated as 
previously described (23). Briefly, blood was diluted in PBS (1:1) 
and fractions were separated by Ficoll (Ficoll-Paque Plus, GE 
Healthcare) density gradient centrifugation. Cells were washed 
twice with PBS and resuspended in RPMI-1640+ (RPMI1640 
Dutch modification supplemented with 10-µg/mL gentamycin, 
2mM glutamax and 1mM pyruvate; Thermofisher).

PBMCs were plated in 96-well round-bottom plates (Corning) 
at a final concentration of 2.5 × 106 cells/mL and in a total volume 
of 200  µL and stimulated with medium (negative control) or 
live Aspergillus at a final concentration of 1 × 107/mL for 24 h. 
PBMCs in costimulation experiments were exposed to 10-µg/mL 
TriDAP (Invivogen) and subsequently stimulated with medium 
or live resting conidia (1 ×  107/mL). After stimulation, culture 
supernatants were collected and stored at −20°C until cytokine 
measurement. Cells were either analyzed for surface receptor 
expression by flow cytometry or assessed for the fungal killing 
capacity.

Flow cytometry
Surface pattern recognition receptor expression on human 
monocytes was assessed following stimulation of PBMCs with 
TriDAP as described above. Monocytes were stained with 
anti-human CD14 conjugated with FITC (BD) and anti-human 
CD45 conjugated with PE-Cy7 in combination with, anti-human 
CD282 (TLR2) Alexa647 (BD) and anti-human CD284 (TLR4) 
PE (Biolegend), or anti-human CD206 (Mannose Receptor) 
PE (Biolegend) and anti-human dectin-1 APC (R&D). CD14+ 
monocytes were gated within the population of CD45+ cells and 
subsequently, the mean fluorescence intensity (MFI) of TLR2, 
TLR4, Mannose receptor, and dectin-1 were assessed on the 
CD14+/CD45+ cells. For dectin-1 also a negative population was 
observed and the percentage of dectin-1+ cells was assessed in 
addition to the MFI. The cells were measured on an FC500 flow 
cytometer (Beckman Coulter) and the data were analyzed using 
CXP analysis software v2.2 (Beckman Coulter).

Ex Vivo stimulation of WT and Nod1−/− 
Murine splenocytes and Bone Marrow-
Derived Macrophages (BMDMs)
Wild-type and Nod1−/− C57Bl/6 mice were bred and maintained 
in the St. Jude Children’s Research Hospital, Memphis, TN, USA. 
Spleens were homogenized in 0.4-µM cell strainer (BD) and the 
cell number was adjusted to 1  ×  107/mL. The cell suspensions 

(500 µL/well) were placed in 24-well plates (corning) and incu-
bated with culture medium or Aspergillus conidia for 1 or 5 days 
at 37°C and 5% CO2.

Bone marrow from mice (age between 8 and 20 weeks old) 
was flushed out after dissecting mouse legs. Differentiation into 
macrophages (BMDMs) occurred in 5  days at 37°C (5% CO2) 
in Dulbecco’s modified eagles medium (DMEM) supplemented 
with 30% of L929 supernatant containing 10% fetal bovine serum 
(HI, Invitrogen), 100-U/mL penicillin and 100-mg/mL strepto-
mycin. The BMDMs (1 × 105 /well) were placed in 96-well plates 
(corning) and incubated with culture medium or live Aspergillus 
conidia for 1 day at 37°C and 5% CO2. After stimulation, culture 
supernatants were collected and stored at −20°C until cytokine 
measurement.

silencing nOD1
Freshly isolated PBMCs were differentiated to macrophages using 
6-day differentiation in 10% human serum (serum differentiated 
macrophages) or 10% human serum supplemented with 5-ng/mL  
GM-CSF (R&D Systems). After differentiation (1  ×  105)  
macrophages were seeded in 96-well plates and left for 2  h at 
37°C to subsequently transfect them with 25-nM NOD1 siRNA 
(on target) or scrambled (non-targeted siRNA) control siRNA 
(smartpool, Thermo Scientific) for 48  h at 37°C (Dharmafect, 
Thermo Scientific). Subsequently, the culture medium was 
refreshed and cells were used for killing, ROS assays, and PCR 
analysis.

Killing of Aspergillus by BMDMs, human 
Macrophages, or PBMcs
Following differentiation, the mouse BMDMs (1 × 105), human 
MDMs (1  ×  105), or freshly isolated PBMCs (5  ×  105) were 
exposed to Aspergillus conidia (2 × 106) in 96-well plates a final 
volume of 200 µL. In several experiments dectin-1 was blocked 
using laminarin (100  µg/mL; Sigma Aldrich) or with a mouse 
dectin-1 blocking antibody (GE2; Thermo Fisher) or its isotype 
control. After 24  hat 37°C and 5% CO2, the cells were washed 
in water and plated in serial dilution on Sabouraud agar plates. 
CFUs were counted after 24 h incubation at 37°C.

Quantitative reverse Transcriptase Pcr
RNA was isolated according to the protocol supplied with 
the TRIzol reagent. Isolated mRNA (1  µg) was reverse 
transcribed into cDNA using the iScript cDNA synthesis 
kit (BIORAD). Quantitative real-time PCR (qPCR) was 
performed using power SYBR Green PCR master mix 
(Applied Biosystems) and following primers for human 
samples hNOD1 Fwd 5′-AGAGGCTCTGCGGAACCA-3′ 
and Rev 5′-TGTGGAGATGCCGTTGGA-3′, hGAPDH  Fwd 
5′-AGGGGAGATTCAGTGTGGTG-3′ and Rev 5′-CGACC 
ACTTTGTCAAGCTCA-3′ hCLEC7A Fwd 5′-ACAATGCTG 
GCAACTGGGCT-3′ and Rev 5′-GCCGAGAAAGGCCTATC 
CAAAA-3′ hTLR2 Fwd 5′-GAATCCTCCAATCAGGCTTC 
TCT-3′ and Rev 5′-GCCCTGAGGGAATGGAGTTTA-3′ and 
the following primer sets form mouse samples mClec7a Fwd 
5′-AGGTTTTTCTCAGCCTTGCCTTC-3′ and Rev 5′-GGG 
AGCAGTGTCTCTTACTTCC-3′, mGapdh Fwd 5′-AGGTC 
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GGTGTGAACGGATTTG-3′ and Rev 5′-TGTAGACCATGT 
AGTTGAGGTCA-3′. PCR was performed using an Applied 
Biosystems 7300 real-time PCR system using PCR conditions 
2 min 50°C, 10 min 95°C followed by 40 cycles at 95°C for 15 s 
and 60°C for 1 min. The RNA genes of interest were corrected 
for differences in loading concentration using the signal of the 
housekeeping protein GAPDH.

iκBa Phosphorylation
For analysis of NFκB signaling pathways, the BMDMs were sub-
cultured in 12-well cell culture plates for 16  h, and stimulated 
with live Aspergillus spores at 25 MOI of infection for indicated 
times. Protein lysates were prepared using the lysis buffer (10-mM 
Tris–HCl, 150-mM NaCl, 1% Nonidet P-40, supplemented with 
protease and phosphatase inhibitor cocktails; Roche). Protein 
samples were denatured by boiling in sample loading buffer-
containing SDS and 100-mM DTT for 5 min and separated in 
denaturing SDS-PAGE. Separated proteins were transferred to 
PVDF membranes and immunoblotted with rabbit antibodies 
against total IκBa, Phospho-IκBa. All antibodies were purchased 
from Cell Signaling followed by secondary anti-rabbit HRP 
antibodies (JacksonImmunoResearch Laboratories).

cytokine Measurements
The cytokine levels were measured using commercially available 
ELISA assays according to the protocol supplied by the manufac-
turer. IL-1β, TNFα, IL-17, and IL-22 assays were from R&D Systems 
and IFNγ was from Sanquin. Mouse IL-1β, TNFα, IL-6, KC, IL-17, 
IL-22, and IFNγ in splenocyte stimulations were measured using 
the Luminex multiplex platform (Millipore). In the in vivo experi-
ments mouse IL-1β, TNFα, IL-6, KC, and G-CSF were measured 
using commercially available ELISA assays from R&D Systems 
according to the protocol supplied by the manufacturer.

nOD1 immunofluorescence staining
CD14+ cells were isolated from PBMCs using magnetic bead 
isolation (MACS Miltenyi) according to the protocol supplied 
by the manufacturer. CD14+ cells (1  ×  105) were allowed to 
adhere for 1  h to 12-mm Ø glass coverslips. After adherence, 
the CD14+ monocytes were exposed for 30 min to FITC labeled 
Aspergillus conidia in a ratio of (5:1/conidia/CD14 cells), after 
which the cells were fixed in Methanol. NOD1 was stained using 
rabbit anti-NOD1 and secondary stained with Goat anti-rabbit 
IgG H/L Alexa594 (Invitrogen). The coverslips were mounted 
in Vectashield with DAPI (Vector Laboratories) and immuno-
fluorescence was observed at 1,000× magnification using a Zeiss 
LSM510 confocal microscope (Carl Zeiss).

statistical analysis
Data are presented as the mean ± SEM, or as scatterplots repre-
senting individual data points and a line indicating the median 
value of all the data obtained in experiments. Experiments were 
conducted at least twice and the number of biological replicates 
(mice/human donors) is indicated in the figure legends for 
each graph. Unless otherwise indicated the Mann–Whitney 
U test was used to determine statistical significant differences 
between experimental groups with p < 0.05 = *, p < 0.01 = **, 

p < 0.001 = ***, and p < 0.0001 = ****. All data were analyzed 
using Graphpad Prism v6.0.

resUlTs

nOD1 localizes to Aspergillus-containing 
Phagosomes
Since NOD1 is an intracellular pattern recognition receptor 
for bacterial ligands, we wanted to investigate at which cellular 
level NOD1 interacts with Aspergillus. To assess the location of 
NOD1 during the interaction of monocytes with Aspergillus, 
the monocytes of healthy human volunteers were allowed to 
engulf Aspergillus, both resting and swollen conidia, for 1  h. 
Subsequently, NOD1 was stained by immunofluorescence 
staining. We observed that engulfed A. fumigatus resting or 
swollen conidia demonstrate a halo of NOD1 surrounding the 
conidia, suggestion colocalization to the phagosomes contain-
ing Aspergillus (Figure 1). In addition to the halo surrounding 
the conidia, a diffuse cytoplasmic staining of NOD1 could be 
observed.

nOD1-Deficient Mice Do not Develop ia
To investigate whether NOD1 plays a role in the susceptibility 
to aspergillosis, we subjected WT C57Bl6 and Nod1−/− mice to 
lethal Aspergillus infection. Survival experiments were performed 
in mice immunosuppressed with cyclophosphamide and subse-
quently infected with the bioluminescent Aspergillus strain 2/7/1 
(24). In contrast to WT mice, Nod1−/− mice showed a significant 
improvement in 14-day survival (Figure  2A). Nine out of 12 
Nod1−/− mice survived, whereas 12 out of 13 WT mice did not 
survive the infection. Bioluminescence imaging of the luciferase-
expressing Aspergillus within the mice suggests that Nod1−/− mice 
more efficiently clear the fungi from the lung, whereas WT mice 
developed a progressing infection as indicated by the increasing 
luminescence signal (Figure 2B). When comparing the weight 
loss of mice post-infection we observed that Nod1−/− mice and a 
single-surviving WT mouse started to recover their weight from 
day 4 post-infection (pi), whereas all other WT mice sharply 
declined in weight and succumbed to the infection and the three 
non-surviving Nod1−/− mice demonstrated a similar weight loss 
as WT mice (Figure 2C).

reduced inflammation and improved 
Fungal clearance in nod1-Deficient Mice
To investigate differences in fungal burden, histological damage 
and inflammation in a standardized fashion, an experiment was 
performed where cyclophosphamide immunosuppressed mice 
were infected with the bioluminescent Aspergillus strain 2/7/1, 
but were sacrificed at day 3 pi. The luminescence signal from 
the lung reveals that Nod1−/− mice have a significantly reduced 
fungal burden compared with WT mice (Figure  3A). This 
observation could be confirmed by a quantitative Aspergillus 
PCR, which revealed the absence of Aspergillus DNA in the lung 
homogenates of Nod1−/− mice. However, in the lung homogen-
ates of WT mice Aspergillus could be detected (Figure  3B). 
To assess how fungal burden correlates with pathological 
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FigUre 2 | Immunocompromised Nod1−/− mice protected against invasive aspergillosis. Assessment of survival, fungal burden and weight in cyclophosphamide 
immunosuppressed wild-type (WT) (n = 13) and Nod1−/− (n = 12) mice infected intranasally with 5 × 104 conidia in three separate experiments (WT:Nod1−/− 5:6; 3:3; 
5:3). (a) Kaplan–Meier survival curve of WT (n = 13) and Nod1−/− (n = 12) mice. P-values of the Kaplan–Meier curve were determined using the log-rank test. Data 
represent the cumulative data of three separate experiments. (B) Bioluminescence imaging representing the fungal burden in the lungs of the mice during the course 
of the infection. (c) Representative graph of percentage weight loss of surviving mice in one of the experiments where survival of WT (n = 5; 4 died; n = 1 shown) 
and Nod1−/− (n = 6; 1 died; n = 5 shown) mice was compared.

FigUre 1 | NOD1 localizing to Aspergillus-containing phagosomes. Representative confocal immunofluorescence images at 100× magnification demonstrating 
co-localization of NOD1 (stained with rabbit-anti-humanNOD1, conjugated with Goat-anti-RabbitIgG-Alexa594) with engulfed FITC-labeled dormant or swollen 
Aspergillus fumigatus spores in human monocytes (nuclear stain: DAPI).
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FigUre 3 | Continued
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FigUre 3 | Nod1−/− mice reducing fungal burden, histological damage, and inflammation. Assessment of fungal burden, histopathological damage, and 
inflammation in A. fumigatus-infected wild-type (WT; n = 8) and Nod1−/− (n = 7) mice in two separate experiments (WT:Nod1−/− = 4:4 and 4:3). (a) Luminescence 
signal at day 1 to 3 post-infection revealing the fungal burden represented by the luminescence signal from live Aspergillus within infected WT and Nod1−/− mice. (B) 
Fungal burden as determined by amplification of Aspergillus ITS2 regions from lung homogenates. (c–e) Histology of lung sections of WT and Nod1−/− mice at day 
3 pi, and morphometric analysis of the lesions in the whole lung sections using Image J software to quantify the lesions in (c) number and (D) size. Slides were 
stained by HE staining at [(e); I] 2× and [(e); II] 10x magnification, [(e); III] Grocott’s Methenamine Silver staining at 10× magnification or [(e); IV] 
immunohistochemistry with anti-F4/80 antibody counterstained with HE staining. (F–h) IL-1β, IL-6, KC, G-CSF, and TNFα levels in (F) serum, (g) broncheoalveolar 
lavage (BAL), and (h) lung homogenates measured at day 3 pi. Data are represented as mean ± SEM and means were compared using the Mann–Whitney U test. 
P-values of statistical tests are shown within the graphs.
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damage to the lungs, a histopathological analysis was performed. 
Morphometric analysis of the histology revealed significantly 
fewer lesions in the lung sections of Nod1−/− mice compared 
with WT mice (Figure 3C). Moreover, the size of the lesions 
affected a significantly smaller part of the lungs (Figure 3D). 
The morphometric analysis of pulmonary lesions corresponds 
with the finding that practically no fungi could be detected 
with Grocott methamine silver staining (Figure 3E, III). Based 
on immunohistochemistry for F4/80+ no differences in the 
presence of macrophages could be determined between WT 
and Nod1−/− mice (Figure  3E, IV). Systemic inflammation in 
the WT and Nod1−/− mice was assessed by measuring serum 
cytokine levels, and pulmonary inflammation was assessed 
by measuring cytokines in the BAL and in lung homogen-
ates. Although Nod1−/− mice have a slight reduction in the 
levels of circulating proinflammatory cytokines, this was not 
significant compared with the WT mice (Figure  3F). In the 
BAL and lung homogenates, only a significant reduction in KC 
(CXCL1) levels were found when comparing Nod1−/− to the 
control group (Figures 3G,H, respectively). However, it must 
be noted that levels of other cytokines also tend to be lower in 
Nod1−/−, but due to a large variation in the control group the  
differences are not significant.

improved cytokine responses, Oxidative 
Burst, and Fungal Killing in nod1  
Deficient cells
Ex vivo cytokine responses to Aspergillus were investigated in 
Nod1-deficient cells to identify the underlying mechanisms of 
the phenotypes observed in Nod1−/− mice. Cytokine responses 
by WT and Nod1−/− BMDMs were investigated. Nod1−/− BMDMs 
demonstrated significantly higher cytokine responses, compared 
with WT BMDMs (Figure 4A). Moreover, splenocytes were iso-
lated from naive Nod1−/− and WT C57Bl/6 mice and stimulated 
with Aspergillus. Although the cytokine responses produced 
by splenocytes in response to Aspergillus were generally low, 
Nod1−/− splenocytes produced significantly more TNFα and KC 
in response to Aspergillus (Figure 4B). The Aspergillus-induced, 
T-helper cell cytokines IL-17, and IFNγ were undetectable (ud) 
and IL-22 was very poorly induced by WT splenocytes, while 
these cytokines were significantly elevated in culture superna-
tants of Nod1−/− splenocytes (Figure 4C). In addition to cytokine 
release, zymosan- and Aspergillus-induced ROS by BMDMs was 
significantly higher in Nod1−/− BMDMs (Figure  4D). The area 
under the curve was calculated to illustrate the quantitative 
difference in ROS release, with zymosan or Aspergillus. We also 

investigated whether this increased responsiveness of Nod1−/− 
BMDMs correlated with an altered capacity to kill A. fumigatus 
conidia. Nod1−/− BMDMs were significantly more efficient 
in killing Aspergillus conidia than WT BMDMs (Figure  4E). 
Subsequently, we investigated whether the differential cytokine 
induction and activation of Nod1−/− cells was due to differences 
in the capacity of these cells to activate NFκB signaling. BMDMs 
were exposed to live Aspergillus spores and subsequently lysed 
to assess IκBa phosphorylation as a marker for NFκB activa-
tion by Western Blot. WT macrophages show a steady increase 
in IκBa phosphorylation after stimulation, whereas the level of 
IκBa phosphorylation varies over time in Nod1−/− BMDMs with 
a significant increase after 1 and 2 h (Figure 4F).

nOD1 silencing augments Oxidative Burst 
and Fungal Killing
Since Nod1 deficiency impacts the killing capacity and ROS 
production in murine BMDMs, we validated these findings 
within a human background by silencing NOD1 gene expression 
in human monocyte-derived macrophages (MDMs). NOD1 
silencing by siRNA targeting NOD1 (siNOD1) was confirmed 
by qPCR and a significant reduction of NOD1 mRNA expression 
could be detected in both serum- and GM-CSF-differentiated 
MDMs (Figure  5A). Treatment with siNOD1 increased the 
killing capacity of MDMs when compared with cells that were 
transfected with scrambled siRNA (Figure 5B). ROS release was 
undetectable in the serum-differentiated MDMs; however, in 
GM-CSF-differentiated MDMs treated with siNOD1 the capacity 
to induce an oxidative burst was also slightly, yet significantly 
increased (Figures 5C,D).

nOD1 signaling suppresses Fungal  
Killing capacity
Since we observed that NOD1 deficiency or silencing resulted 
in an increased capacity to eliminate A. fumigatus conidia, we 
investigated whether activation of NOD1 could thus have an 
inhibitory effect on the host response to Aspergillus. To assess 
the effect of NOD stimulation on oxidative burst, PBMCs were 
stimulated with TriDAP and subsequently exposed to zymosan. 
Oxidative burst induced by zymosan was also reduced by pre-
stimulation with the NOD1 ligand (Figure  6A). NOD ligands 
could potentially induce an oxidative burst thereby exhausting 
the cells; however, we found no detectable oxidative burst induced 
by NOD ligands (Figure  6B). Monocytes were differentiated 
with GM-CSF into MDMs and exposed to the NOD1 ligand 
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FigUre 5 | Silencing of NOD1 gene expression in human monocyte-derived macrophages improves fungal killing and oxidative burst. (a) Silencing efficiency of 
siRNA targeting NOD1(siNOD1) compared with scrambled siRNA in human macrophages (1 × 105) differentiated in 10% serum (n = 6) or 10% serum with 5 ng/mL 
GM-CSF (n = 7). (B) CFU remaining of A. fumigatus plotted as percentage of input (2 × 106) following exposure for 24 h to human macrophages (1 × 105) 
differentiated in 10% serum or 10% serum with 5 ng/mL GM-CSF that were treated with scrambled siRNA or siNOD1. (c,D) ROS release by GM-CSF differentiated 
macrophages treated with scrambled siRNA or siNOD1following exposure to zymosan (n = 5). Time points were compared for significance by two-way ANOVA. 
Data in scatter plots are represented as individual data points and median. Means were compared using the Wilcoxon signed rank test. ud = undetectable.

FigUre 4 | Nod1-deficient cells showing an augmented antifungal host response. (a) IL-6, TNFα, KC, in culture supernatants of bone marrow-derived 
macrophages (BMDMs) (1 × 105) from wild-type (WT) and Nod1−/− mice (n = 6) that were stimulated for 24 h with heat inactivated Aspergillus conidia (2 × 106).  
(B) IL-6, TNFα, KC, and (c) IL-17, IL-22, and IFNγ levels in culture supernatants of splenocytes (1 × 106) from WT and Nod1−/− mice (n = 5 mice per group) that 
were stimulated for 5 days with heat inactivated Aspergillus conidia (2 × 107). (D) ROS release by WT and Nod1−/− BMDMs following exposure to zymosan (n = 6). 
Time points were compared for significance by two-way ANOVA. Area under the curve of the ROS luminescence data of Aspergillus spores (n = 6) and swollen 
conidia (n = 6) (1 × 107/mL) opsonized in 10% human serum and zymosan stimulated BMDMs. (e) CFU remaining of A. fumigatus plotted as percentage of input 
(2 × 106) following exposure for 24 h to WT (n = 30) and Nod1−/− (n = 24) BMDMs (1 × 105). (F) Representative Western Blot for phosphorylated and total IκBa in 
WT and Nod1−/− BMDMs following 0.5, 1, 2, 4, and 8 h of exposure to live A. fumigatus spores. IκBa phosphorylation measured as mean band intensity and 
corrected for total IκBa (n = 3). Data in bar plots are represented as mean ± SEM, data in scatter plots are represented as individual data points and median,  
and means were compared using the Mann–Whitney U test. ud = undetectable.
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FigUre 6 | NOD1 activation dampening protective antifungal effector functions in human cells. (a,B) ROS release by human PBMCs following exposure to  
(a) Zymosan, when cells were pre-stimulated for 24 h in presence or absence of (10 µg/mL) TriDAP (n = 5), or (B) culture medium or (10 µg/mL) TriDAP alone (n = 3). 
(c) Fungal killing capacity of human GM-CSF differentiated monocytes-derived macrophages assessed as CFU remaining of A. fumigatus plotted as percentage of 
input (2 × 106) following exposure for 24 h to (1 × 105), after 24-h pre-stimulation in the presence or absence of (10 µg/mL) TriDAP (n = 9). All plots represent 
mean ± SEM. Means were compared using the Wilcoxon signed rank test, except for ROS curves, which were compared for significance using two-way ANOVA.
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TriDAP. MDMs that were exposed to TriDAP demonstrated a 
significantly reduced killing capacity compared with control cells 
(Figure 6C).

nOD1 activation or Deficiency Modulates 
expression of Dectin-1
Nucleotide-oligomerization domain receptors are known to 
interplay with TLRs via their downstream kinase RICK, and in 
particular with TLR2 (28–31). NOD1 deficiency or stimulation of 
NOD1 could very well impact killing, cytokine release, and ROS 
via modulation of PRRs. Therefore, surface expression of several 
PRRs, known to be involved in host defense against Aspergillus, 
were assessed by flow cytometry on PBMCs. Stimulation with 
TriDAP did not significantly affect TLR4 and MR expression on 
monocytes. dectin-1, however, was differentially regulated by 
NOD1 stimulation with a decrease of its expression (Figure 7A). 
This observation was also reflected by the number of dectin-1 
positive monocytes (Figure 7B). To validate whether the reduced 
dectin-1 surface expression was regulated on a transcriptional 
level, RNA expression of CLEC7A (the gene encoding dectin-1) 
was assessed. Similarly, a decreased dectin-1 (CLEC7A) expres-
sion was observed (Figure 7C). In addition, siRNA treatment with 
siNOD1 of MDMs resulted in an increased dectin-1 (CLEC7A) 
expression (Figure 7D). To assess whether Nod1-deficient mice 
have altered dectin-1 expression, RNA was isolated from the 
lung, spleen, and bone marrow and dectin-1 (Clec7A) expression 
was measured. Compared with wild-type mice, Nod1-deficient 
mice had significantly elevated Clec7A expression in the lung 
and bone marrow, while only a trend toward increased Clec7A 
expression was observed in the spleen (Figure 7E). To determine 
whether the augmented killing capacity of human MDMs in 
which NOD1 is silenced is due to a functional enhancement of 
dectin-1 we systematically blocked dectin-1 using laminarin and 
dectin-1-blocking antibodies. The augmented killing capacity of 
human macrophages treated with NOD1 targeting siRNA was 
abolished by dectin-1 blockade using laminarin or anti-human 
dectin-1 (Figure  7F). Similarly, laminarin mediated blockade 
of dectin-1 reversed the augmented fungal killing of Nod1−/− 
BMDMs (Figure 7G).

DiscUssiOn

PRRs regulate the induction of an effective host defense against A. 
fumigatus through recognition of molecules present on the fungal 
cell wall and induction of potent antifungal effector mechanisms 
(4, 32). However, little is known about receptors that have a direct 
inhibitory effects on the induction of antifungal effector mecha-
nisms. Here we demonstrate that the intracellular pattern recog-
nition receptor NOD1 plays an inhibitory role in host response 
against A. fumigatus. We observed that NOD1 activation reduces 
fungal killing and the induction of oxidative burst. Conversely, 
murine Nod1-deficient cells or human cells in which NOD1 gene 
expression was silenced show augmented fungal killing, oxida-
tive burst, and cytokine responses. Most striking, despite being 
immunocompromised, Nod1−/− mice were observed to be less 
susceptible to Aspergillus infection, with reduced fungal burden, 
and pathological damage to the lungs. Finally, we demonstrate 
that the activity of NOD1 is inversely correlated with dectin-1 
expression, where NOD1 stimulation reduces the expression 
of dectin-1, while NOD1 silencing in human macrophages or 
murine Nod1 deficiency was associated with increased CLEC7A 
(dectin-1) mRNA expression.

It is rarely observed that deficiency of a receptor is associated 
with decreased antifungal effector mechanisms. Tlr9−/− mice 
were found to be less susceptible to Aspergillus infection with 
reduced fungal burden (33). However, why TLR9 deficiency 
is protective is difficult to understand since TLR9 stimulation 
by CpG enhances the capacity of DCs to induce protective Th1 
responses (34). Modulation of TLR5 in THP-1 cells is shown 
to negatively impact killing of Aspergillus conidia, with silenc-
ing of TLR5 gene expression associated with increased fungal 
killing and activation of TLR5 with reduced fungal killing (35), 
reduced fungal killing was also observed in neutrophils (36). 
This modulation of fungal killing is similar to our data with 
NOD1 activation or siNOD1 in MDMs. However, a mutation 
in TLR5 leading to a stop codon was identified as a risk factor 
for aspergillosis (37). Other than these PRRs, we are not aware 
of other receptors that negatively impact host defense against 
Aspergillus.

89

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 7 | NOD1 suppresses dectin-1 expression and NOD1 deficiency augmenting fungal killing through dectin-1. (a) Surface expression of TLR2 (n = 6),  
TLR4 (n = 6), MR (n = 9) and dectin-1 (n = 9) on human CD14+ monocytes measured by flowcytometry following 24-h stimulation in the presence or absence of 
(10 µg/mL) TriDAP. (B) Percentage of dectin-1+ CD14+ monocytes following 24-h stimulation in the presence or absence of (10 µg/mL) TriDAP (n = 9). (c) mRNA 
expression of TLR2 (n = 8) and CLEC7A (dectin-1) (n = 6) in human PBMCs following 24-h stimulation in the presence or absence of (10 µg/mL) TriDAP. (D) NOD1 
and CLEC7A (dectin-1) mRNA expression following siRNA treatment with scrambled siRNA or siRNA targeting NOD1(siNOD1) (n = 6). (e) Clec7A (dectin-1) 
expression in the lung, bone marrow and spleen of wild type (WT) (n = 8) and Nod1−/− (n = 6) at day 3 following Aspergillus-infection. Means were compared using 
the Mann–Whitney U test. (F,g) Fungal killing capacity assessed as CFU remaining of A. fumigatus plotted as percentage of input (2 × 106). (F) Fungi killed by 
human GM-CSF differentiated monocytes-derived macrophages treated with scrambled siRNA or NOD1 targeting siRNA, the latter in the presence or absence of 
Laminarin (100 µg/mL) or a dectin-1 blocking antibody. Means were compared using the Wilcoxon signed rank test. (g) Fungi were killed by murine BMDMs of WT 
and Nod1−/− mice, the latter in the presence or absence of laminarin. Means were compared using the Mann–Whitney U test. All plots represent mean ± SEM.
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Following an otherwise lethal Aspergillus infection, Nod1-
deficient mice demonstrated rapid fungal clearance, which was 
associated with an almost complete absence of pathological 
damage and fungal outgrowth in the lungs. In contrast, WT 

mice succumbed to the infection with severe fungal outgrowth 
in the lungs and significant pathological damage detected by 
histopathology. In contrast to our aspergillosis model, the NOD1  
receptor is non-redundant in numerous bacterial infection 
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models, such as Mycobacterium tuberculosis (9), Pseudomonas 
aeruginosa (38), Shigella flexineri (39), and Helicobacter pylori 
(40). In these models, NOD1 was required for an efficient 
cytokine response (38, 39) and killing of the pathogen (9, 38, 40). 
In contrast to these latter studies with bacteria, our data suggest 
that NOD1 has an inhibitory role on the antifungal host defense 
against Aspergillus. Nod1 deficiency results in an increased 
capacity of BMDMs to kill live Aspergillus and an enhanced 
oxidative burst upon stimulation with zymosan. Strikingly, we 
also observe increased cytokine responses and enhanced NFκB 
translocation in murine Nod1-deficient cells. This is in contrast 
to a previous study that shows NOD1 to be required for NFκB 
translocation in the response of corneal epithelial cells to A. 
fumigatus (6). The fact that we observe similar results when 
we silence NOD1 gene expression in human MDMs validates 
that the observed effects are due to the absence of NOD1. In 
contrast, we observed that NOD1 activation has the opposite 
effect of NOD1 deficiency and silencing. Taken together, these 
data suggest that NOD1 inhibits crucial pathways in recognition 
of Aspergillus that limits the induction of protective antifungal 
effector mechanisms.

Mechanistically, we were able to demonstrate that activation 
of the NOD1 receptor by its ligand TriDAP reduces surface 
expression of the C-type lectin receptor dectin-1 on human 
monocytes, one of the most crucial receptors in host defense 
against Aspergillus (41–51). We found that the reduced surface 
expression was the result of a downregulation of CLEC7A 
mRNA expression when human monocytes were stimulated 
with the NOD1 ligand. Contrariwise, NOD1 silencing increased 
CLEC7A mRNA expression. Therefore, the activity of NOD1 
seems to show a reverse correlation with CLEC7A transcription. 
Extending this to the in vivo model we observed increased Clec7A 
mRNA levels in the lungs and bone marrow of Nod1−/− mice, 
compared with WT controls. Dectin-1 is crucial for the induction 
of ROS by Aspergillus, which is in line with our data showing 
increased ROS by Nod1-deficient murine BMDMs or in human 
MDM where NOD1 gene expression was silenced, which express 
more dectin-1 (52). We were able to pinpoint that the increased 
dectin-1 expression, in the absence of NOD1, was responsible for 
augmented fungal killing by Nod1−/− BMDMs and human MDM 
in which NOD1 was silenced, as blockade of dectin-1 reversed 
the augmented killing.

ROS is essential for the host defense against Aspergillus 
and its importance is illustrated by patients with chronic 
granulomatous disease who are highly susceptible to infections 
with Aspergillus due to a defect in NADPH-dependent ROS 
production (53, 54). Aspergillus and Zymosan, which are used 
in our study to study the oxidative burst by murine and human 
macrophages, are both recognized by dectin-1 (55). We suggest 
that the modulation of dectin-1 expression by NOD1 could be 
the responsible mechanism for alterations in the capacity to 
induce an oxidative burst. Similarly we found that Nod1−/− 
BMDMs and human MDMs wherein NOD1 gene expression 
was silenced have an increased capacity to kill conidia and 
a decreased conidial killing was observed in human MDMs 
when NOD1 was stimulated. These changes in conidial 
killing can also be explained by the differences in dectin-1 

expression, as dectin-1 expression is required for efficient 
phagocytosis (45, 50, 51) and killing of A. fumigatus (48, 49)  
[reviewed in Ref. (42)].

In our in  vitro studies, we observed that the absence of 
NOD1 improved fungal killing through enhancement of 
dectin-1 expression in BMDMs or human MDMs. Although 
it is evident that in host defense against A. fumigatus these 
cells employ dectin-1 to induce their antifungal effector func-
tions, it is becoming increasingly evident that other cells also 
use dectin-1 to recognize Aspergillus. For example, the role of 
the pulmonary epithelium is an important tissue that must be 
taken into account, since these cells can also play an important 
role in anti-Aspergillus host defense. Dectin-1 on bronchial 
epithelial cells plays a role in the induction of innate immune 
responses to Aspergillus including the release of antimicrobial 
peptides such as defensins (51). Moreover, it has been dem-
onstrated that enhancing dectin-1 on only the pulmonary 
epithelium promotes the resistance to IA (52). The role of 
dectin-1 in non-myeloid derived tissues is also highlighted by 
the observation that dectin-1 polymorphisms in the genotype 
of the recipients of hematopoietic stem cell transplants, which 
represent the non-myeloid tissues in the patient, predisposes to 
the development of aspergillosis (56). It cannot be concluded 
that the protection against aspergillosis that we observe in 
Nod1−/− mice is solely due to the increased dectin-1 expression 
on macrophages. We observed that dectin-1 expression in these 
mice is increased in both the bone marrow as well as the lung. 
Although resident macrophages in the lung could account for 
the changed dectin-1 expression, from our data it cannot be 
excluded that enhanced dectin-1 expression on the pulmonary 
epithelium does not play an additional role in the protection 
against Aspergillus infection.

Most interestingly, we were able to demonstrate that, in addi-
tion to its cytoplasmic expression, the NOD1 receptor localizes 
to Aspergillus-containing phagosome. Due to this localization to 
the phagosome, we suggest that NOD1 may also recognize fungal 
PAMPs that are exposed in the phagosome. Nevertheless, further 
studies are warranted to explore whether cytoplasmic sensing of 
fungal PAMPs or sensing of fungal PAMPs in the phagosome 
triggers the effects mediated by NOD1. Although NOD1 is cru-
cial for recognition of bacterial cell wall products (57, 58) and 
activation of downstream protective immune mechanisms, we 
suggest that upon engagement of NOD1 with fungi, deleterious 
mechanisms are induced. Therefore, the potent protective effect 
of Nod1 deficiency and beneficial effects of NOD1 silencing 
makes it tempting to suggest the blockade of NOD1 as a novel 
treatment strategy for IA. Currently, no pharmacological inhibi-
tors are available to block NOD1 in  vivo, but small molecule 
inhibitors that could potentially be used for therapy have been 
identified (59).

Collectively, we conclude that NOD1 induces a detrimental 
effect on protective antifungal mechanisms in host defense 
against A. fumigatus. The absence of NOD1 enhances the protec-
tive effector mechanisms such as cytokine production, oxidative 
burst, fungal killing, and dectin-1 expression. This observation 
paves the way for the development of new treatment strategies 
for IA that target NOD1.
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Aspergillus fumigatus (A. fumigatus) is a ubiquitous fungus of clinical importance

associated with development of various pulmonary diseases and allergic hypersensitivity

reactions. It is protected against environmental stress by a cell wall that contains

polysaccharides such as chitin. We previously demonstrated that fibrinogen C

domain-containing protein 1 (FIBCD1) is a membrane-bound protein that binds

chitin through a conserved S1 binding site and is expressed in intestinal epithelium

and salivary glands. Here, we further localized FIBCD1 protein expression at the

surface of bronchial and alveolar human lung epithelium, observed recognition of A.

fumigatus cell wall with S1 site-independent recognition. We observed FIBCD1-mediated

suppression of IL-8 secretion, mucin production, and transcription of genes associated

with airway inflammation and homeostasis in FIBCD1-transfected lung epithelial cells.

These modulations were generally enforced by stimulation with A. fumigatus cell wall

polysaccharides. In parallel, we demonstrated a FIBCD1-mediated modulation of IL-8

secretion induced by TLR2,−4, and −5. Collectively, our findings support FIBCD1

as a human lung epithelial pattern recognition receptor that recognizes the complex

A. fumigatus cell wall polysaccharides and modulates the lung epithelial inflammatory

response by suppressing inflammatory mediators and mucins.

Keywords: FIBCD1, Aspergillus fumigatus, human, A549, lung, inflammation, IL-8, epithelium

INTRODUCTION

Aspergillus fumigatus (A. fumigatus) is a ubiquitous, filamentous fungus with the ability to cause
invasive and allergic pulmonary diseases that is partly attributed to its ability to circumvent host
immune defenses at airway mucosal sites (1–4). Humans inhale several hundred A. fumigatus
conidia every day and their small size make them easily aerosolized and capable of reaching the
lung alveoli. In healthy, immune-competent hosts, inhaled A. fumigatus conidia are cleared by
innate defense mechanisms including mucociliary transport mechanisms and phagocytic activity
of leukocytes, primarily residential macrophages and neutrophils recruited by epithelial secretion
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of chemotactic factors such as IL-8. Additionally, epithelial
secretion of opsonizing mediators such as ficolins and
complement components support the activity of these
mechanisms (5, 6).

A cell wall, mainly composed of polysaccharides and secretory
antigens, protects A. fumigatus conidia and hyphae against
environmental stress (7). The structural skeleton of the cell
wall is composed of chitin and galactomannan covalently bound
to β-1,3-glucan (8), which are polysaccharide structures absent
in mammals. Therefore, they serve as pathogen-associated
molecular patterns (PAMPs) recognized by pattern recognition
receptors (PRRs) on mammalian cells (9). The A. fumigatus
cell wall is continuously remodeled during morphogenesis
from inhaled, resting conidia to fully-grown hyphae (10). In
resting conidia, the cell wall is protected by an additional
layer of hydrophobic proteins and pigments, not produced in
germ tubes and hyphae. This layer shields A. fumigatus cell
wall PAMPs, which makes the resting conidia immunologically
inert (9). During the first stages of germination, cell wall
polysaccharides are hydrolyzed and de novo synthesis of cell
wall components, e.g. chitin and β-1,3-glucan, is initiated (10).
This causes the conidia to swell, disintegrating the outer layer
and exposing cell wall PAMPs to host PRRs (9). Various PRRs
are involved in the initiation, control, and resolution of the
anti-A. fumigatus inflammatory response (11), including Toll-
Like Receptors (TLRs) (5, 6) and the β-1,3-glucan receptor
Dectin-1 (12). Several studies report a TLR-regulated anti-A.
fumigatus response dependent on the fungus’ morphotype (5,
6, 13). However, the underlying mechanisms remain unknown
and may involve interplay between other PRRs that recognize A.
fumigatus-associated PAMPs.

We have previously identified fibrinogen C domain-
containing protein 1 (FIBCD1) as the first membrane-bound
protein of the fibrinogen-related domain (FReD) superfamily
(14). FIBCD1 is expressed as a tetramer on the apical surface
of small and large intestinal epithelium and is composed of a
cytoplasmic tail with three potential phosphorylation sites, a
transmembrane region, and an ectodomain containing a coiled-
coil region, a polycationic region, and a FReD (14). FIBCD1
exhibits calcium-dependent binding of acetylated structures
including crab shell chitin through a conserved S1 binding site in
FReD and facilitates endocytosis of bound ligands (14, 15). The
crystal structure of FIBCD1-FReD (16) is homologous to FReD
superfamily members involved in immune regulation, including
ficolin-1 and −2 (17, 18). Both ficolin-1 and −2 recognize
A. fumigatus-associated PAMPs (19, 20) and binds directly or
indirectly to resting A. fumigatus conidia (21).

The aim of this study is to investigate the potential role
of FIBCD1 in the immune response against A. fumigatus. We

Abbreviations: acBSA, acetylated BSA; A. fumigatus, Aspergillus fumigatus; AIF,

alkali-insoluble fraction; CNRQ, calibrated normalized relative quantity; DPBS,

Dulbecco’s PBS; FIBCD1, fibrinogen C domain-containing protein 1; FReD,

fibrinogen-related domain; IAA, iodoacetamide; IHC, Immunohistochemical;

MBL, mannan-binding lectin; MOPS, 3-(N-morpholino)propanesulfonic acid;

MUC, mucin; PAMPs, pathogen-associated molecular patterns; PRR, pattern

recognition receptor; qPCR, quantitative PCR; RT, room temperature; SD,

sabouraud dextrose; WGA, wheat germ agglutinin.

hypothesize that FIBCD1 is expressed in human lung epithelium
and interacts with A. fumigatus by binding fungal cell wall chitin
in the S1 binding site of FIBCD1-FReD. We hypothesize that
interaction between FIBCD1 and ligand(s) modulates TLR- and
lung epithelial cell-mediated inflammatory response to fungal cell
wall components.

METHODS AND MATERIALS

Buffers and Reagents
PBS: 140mM NaCl, 3mM KCl, 8mM Na2HPO4, 1.5mM
KH2PO4. TBS: 10mM Tris-base, 140mM NaCl. SDS-
PAGE sample buffer: 374mM Tris-base, 40% (v/v) glycerol,
3mM bromophenol blue, 8% (w/v) SDS. Acetylated BSA
(acBSA), BSA, citric acid, EDTA, glycine, glycerol, silver
nitrate (AgNO3), SDS, sodium azide (NaN3), Tris-base,
Triton X-100, H2SO4, iodoacetamide (IAA), DTT, CaCl2,
sodium acetate, NaHCO3, sterile PBS, curdlan (β-1,3-glucan,
from Alcaligenes faecalis), RNase ZAP R©, M-MLV reverse
transcriptase, and oligo-dT primers were ordered from Sigma-
Aldrich Co., St Louis, MO, United States. Alexa Fluor 488,
Alexa Fluor 633-labeled wheat germ agglutinin (WGA), Gateway
Technology R© pDONRTM-221 vector, 3-(N-morpholino)-
propanesulfonic acid (MOPS) running buffer, RPMI media,
FBS, L-glutamine, penicillin/streptomycin, hygromycin B,
trypsin/EDTA, Dulbecco’s PBS (DPBS), DMSO, TRIzol reagent,
and RNaseOUTTM recombinant ribonuclease inhibitor were
ordered from InvitrogenTM, Thermo Fisher Scientific Inc.,
Waltham, MA, United states. Sabouraud dextrose (SD) agar,
SD broth media, and 40-µm cell strainer were ordered from
BD Biosciences, Franklin Lakes, NJ, United States. Acetic
acid, bromophenol blue, formaldehyde, KCl, KH2PO4, NaCl,
Na2HPO4, Na2CO3, NaOH, Tween 20, and mira cloth were
ordered from Merck KGaA, Darmstadt, Germany. Four to
twelve percent of polyacrylamide gradient gels, Precision
Plus ProteinTM KaleidoscopeTM Standards, and non-fat dry
milk were ordered from Bio-Rad Laboratories, Inc., Hercules,
CA, United States. Chitin beads were ordered from New
England Biolabs Inc., Ipswich, Massachusetts, USA, and
Dectin-1Fc was kindly provided by Prof Gordon Brown,
Aberdeen University. HRP-conjugated rabbit anti-mouse
Ig (#P0260), FITC-conjugated goat anti-mouse antibody
(#F0479), and HRP-conjugated goat anti-rabbit Ig (#P0448)
were ordered from Dako, Glostrup, Denmark. D-galacto-D-
mannan (from Ceratonia Siliqua) and mouse monoclonal
anti-GAPDH antibody (#sc32233) were ordered from Santa
Cruz Biotechnologies, Inc., Dallas, TX, United States.

The anti-mucin (MUC) antibodies rabbit monoclonal anti-
MUC-1 antibody (#ab45167), rabbit polyclonal anti-MUC-13
antibody (#ab65109), and mouse monoclonal anti-MUC-5AC
antibody (#ab11335) were ordered from Abcam plc, Cambridge,
United Kingdom. Protein G column, polyvinylidene difluoride
membrane, filter paper, and ECL kit were ordered from
GE Healthcare, Little Chalfont, United Kingdom. Ambion R©

nuclease-free water, custom TaqMan R© array 96-well plates, and
2 X TaqMan R© fast advanced master mix were ordered from
Thermo Fisher Scientific Inc., Waltham, MA, United states.
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The human TLR agonist kit was ordered from InvivoGen, San
Diego, CA, United States. Alphazyme was ordered from PAA
Laboratories GmbH, Pasching, Austria. O-phenylendiamid was
ordered from Kem-En-Tec Diagnostics A/S, Taastrup, Denmark.
Human CXCL8/IL-8 DuoSet kit was ordered from R&D Systems,
Inc., Minneapolis, MN, United states. Limulus amebocyte lysate
assay (QCL-1000TM) was ordered from Lonza Group Ltd., Basel,
Switzerland. Protease inhibitor cocktail tablets were ordered
from Roche Diagnostics, Basel, Switzerland. Commercial cDNA
library and FIBCD1 PerfectProbeTM assay were ordered from
Primerdesign Ltd., United Kingdom. JetPEI transfection reagents
were ordered from Polyplus transfection SA, Illkirch, France.
Monoclonal anti-ovalbumin antibody was ordered from SSI,
Copenhagen, Denmark. The murine Sp2/mIl-6 (CRL-2016)
myeloma cells and human lung carcinoma type II epithelial-like
A549 cell line were purchased from the American type culture
collection (Rockville, MD, USA).

Real Time Analysis of FIBCD1 Expression
in Human Tissues
The relative tissue distribution of human FIBCD1 mRNA
was quantitated using a commercial cDNA library and
a custom made FIBCD1 PerfectProbeTM assay with the
primer sequences 5′-CACCGTGGCTGACTATTCC-3′ and
5′-TTCTCTGAATGGTCGCTGTC-3′. Analysis was performed
in triplicates using the cycling conditions: 95◦C for 10min,
followed by 50 cycles of 95◦C for 15 s, 60◦C for 30 s and 72◦C for
15 s. The study was performed on a 7500 Real-time PCR system
(Applied Biosystems R©, Thermo Fisher Scientific Inc., Waltham,
MA, USA) using 18S RNA for normalization.

Expression and Purification of
Recombinant FIBCD1-FReD (rfibcd1-FReD)
rFIBCD1-FReD was expressed in insect cells and purified on
N-acetylated immobilized resin as described previously (15).

Production of Monoclonal Anti-FIBCD1
Antibodies
Mouse monoclonal anti-FIBCD1 antibodies HG-HYB-12-
2,−12-5, and−12-6 were produced as previously described (14).
Mouse monoclonal anti-FIBCD1-FReD antibody HYB-11-14-25
was produced by immunization of Fibcd1−/− C57BL6/n mice.
The mice were immunized twice with 20 µg of rFIBCD1-
FReD using GERBU as adjuvant with more than 2 weeks
between each immunization. The mice were boosted once by an
intra-peritoneal injection with 20 µg rFIBCD1-FReD without
adjuvant 3 days before isolation of B cells. Hybridoma cells
were produced by fusion between isolated B cells and myeloma
cells and adapted for serum-free media. Secreted antibodies
were purified using a protein G column on a fast protein
liquid chromatography apparatus (ÄKTA, GE Healthcare,
Little Chalfont, United Kingdom). These experiments were
performed under license from the National Animal Experiments
Inspectorate (reference no. 2012–15–2934–00076).

Immunohistochemical Analysis of FIBCD1
in Human Lung Tissue
Human tissues were obtained from the tissue bank at the
Department of Pathology, Odense University Hospital (Odense,
Denmark). The tissues were fixed in 4% formalin in PBS for 24 h
and then conventionally dehydrated and embedded in paraffin.
A biotin-streptavidin immunoperoxidase technique was used on
paraffin sections. Paraffin sections were pre-treated in TEG buffer
(10 mmol/L Tris, 0.5 mmol/L EGTA, pH 9) in a microwave
oven for three 5min periods at 650W. The sections were left in
TEG buffer for 15min, washed in TBS, pre-incubated with 2%
(w/v) BSA in TBS for 10min, and incubated for 30min with the
mouse anti-human FIBCD1 (HG-HYB-12-2, 0.5 mg/mL) in TBS
containing 15% (w/v) BSA and otherwise processed as described
byMadsen et al. (22). The specificity of the immuno-staining was
verified by replacing the primary antibody with a non-specific
antibody. The local ethical committee in Odense approved the
use of human tissue samples (ref. no: VF20050070).

Fungal Strain and Growth Conditions
A. fumigatus conidia (101355, Centraalbureau von
Schimmelcultures, Utrecht, Netherlands) were cultivated
on SD agar plates at 37◦C for 5 days and harvested using
PBS/0.5% Tween, washed, and used immediately or stored at
4◦C. A. fumigatus germination was obtained by inoculating
SD broth media with freshly-harvested conidia (less than a
week after harvest) and incubating at 37◦C. For production of
a 1-week-culture, 104 freshly-harvested conidia were added per
mL media in an Erlenmeyer flask containing 1:4 volume media
and incubating at 37◦C, 100–140 rpm for 7 days.

Alexa Fluor 488-Labeling of rFIBCD1-FReD
Purified protein (2 mg/mL) was labeled with Alexa Fluor 488 in
a 1:9 molar ratio at RT for 1–2 h according to manufacturer’s
recommendations followed by extensive dialysis against PBS to
remove excess dye. Activity of labeled rFIBCD1-FReD was tested
by binding to acBSA. Labeled protein was stored at 4◦C until
used.

Staining of A. fumigatus
Staining of A. fumigatus was performed by a modification of
previously describedmethods (23) and imaged using anOlympus
IX71 fluorescence microscope equipped with four laser optics
and F-view fluorescence CCD camera (Olympus Corporation,
Tokyo, Japan). All images were acquired and processed using
CellF soft imaging software (Olympus Corporation, Tokyo,
Japan).

Preparation of A. fumigatus

Alkali-Insoluble Fraction (AIF)
A. fumigatus cell wall component suspension (i.e., alkali-
insoluble fraction) was prepared as previously described with
minor modifications (8). Briefly, mycelium was harvested from
one-week-culture by filtration through mira cloth, washed with
distilled PBS, and subjected to three hot alkali treatments
(distilled 1M NaOH, 65◦C heat bath, 30min), each followed by
five washes with distilled water and one with distilled TBS at
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10,000 × g for 10min. The product was grinded with mortar
and pestle, washed with sterile PBS, forced through a 40µm
cell strainer, pH adjusted to ∼7, added 0.05% NaN3, and the
final product stored at 4◦C. AIF was tested for endotoxin
contamination using a limulus amebocyte lysate assay revealing
an endotoxin level below 0.25 endotoxin units per mL. The
absence of protein was confirmed by boiling AIF 1:2 in SDS-
PAGE sample buffer on a 99◦C heating block for 1min and
separating eluted protein on a 4–12% polyacrylamide gradient
gel using MOPS running buffer and subsequently silver staining
the gel as described in the following section. The concentration
was determined by vacuum drying using a MAXI-dry vacuum
centrifuge (Heto-Holten A/S, Alleroed, Denmark) at 55◦C, 1,300
rpm.

Pull Down Assay
For protein staining, 2mg of AIF was washed three times with
TBS/0.05% Tween/5mM CaCl2 and incubated at 4◦C overnight
with 20µg/mL Dectin-1Fc, recombinant mannan-binding lectin
(rMBL), WGA, and rFIBCD1-FReD in a total volume of 1mL.
Pull down was performed by centrifugation at 4◦C, 10,000 × g
for 5min. The insoluble pellets were washed three times with
TBS/0.05% Tween/5mM CaCl2 and bound protein was eluted
by boiling the pellets in SDS-PAGE sample buffer for 1min.
For Western blotting, 2mg AIF and β-1,3-glucan and 200 µL
chitin beads were washed three times with TBS/0.05% Tween
and incubated at 4◦C overnight with 5µg/mL rFIBCD1-FReD
in a total volume of 1mL TBS/0.05% Tween supplemented
with 5mM CaCl2, 10mM EDTA, or 100mM sodium acetate.
Pull down was performed by centrifugation at 5,000 rpm
(Minispin, Eppendorf AG, Hamburg, Germany) for 5min. The
insoluble pellets were washed three times with TBS/0.05% Tween
supplemented with 5mM CaCl2, 10mM EDTA, or 100mM
sodium acetate and bound protein was eluted by boiling the
pellets in SDS-PAGE sample buffer on a 99◦C heating block for
1min. Pull down of mutant FIBCD1-FReD (A432V) by AIF and
chitin beads was performed as previously described (15). Eluted
protein was separated by SDS-PAGE on a 4–12% polyacrylamide
gradient gel using MOPS running buffer and analyzed by silver
staining orWestern blotting as described in the following section.

Silver Staining
Silver staining of proteins separated by SDS-PAGE was
performed as previously described (24) with some modifications
(Supplementary Datasheet 2).

Generation of A549 Cells Expressing Full
Length of FIBCD1
To generate A549 cells stably expressing full length FIBCD1, the
cells were transfected with the expression vector pDEST-FIBCD1
using JetPEI transfection reagents according to manufacturer’s
instructions. The pDEST-FIBCD1 vector was constructed using
Gateway Technology R© and keeping to the recommendations
of the manufacturer using cDNA containing the open reading
frame of FIBCD1, donor vector pDONRTM-221, and destination
vector pDEST. A corresponding sham-transfected isogenic
control cell type was constructed using a pDEST-sham vector.

Cells were selected for stable integration of vectors using
500µg/mL of hygromycin B. Successful expression of FIBCD1
protein was confirmed by Western blotting of cell lysates
(Supplementary Datasheet 2) and surface expression of FIBCD1
was confirmed by flow cytometry. Unless otherwise stated,
A549 cells were maintained in serial passages at 37◦C, 5% CO2

humidity in RPMI media supplemented with 10% FBS, 2mM L-
glutamine, 250µg/mL hygromycin B, 50 U/mL penicillin, and
50µg/mL streptomycin. When confluent, cells were subcultured
by washing twice in sterile DPBS, detaching with 1mL 0.5%
trypsin/EDTA/sterile DPBS, and diluted using fresh complete
media.

Flow Cytometry
A549 cells were harvested by incubation with alphazyme and
centrifugation at 350 × g for 5min. Cells were suspended
in media, counted using a haemocytometer, portioned out in
minisorp tubes (106 cells/tube), pelleted by centrifugation, and
supernatant removed. The cells were incubated on ice for 2 h
with 0.1 mg/mL monoclonal mouse anti-FIBCD1 antibody HG-
HYB-12-5 in PBS/0.5% BSA diluted 1:2 in 100µL cell suspension.
Monoclonal anti-ovalbumin antibody was used as an isotype
control. Then, the cells were washed three times and incubated
in darkness on ice for 1 h with FITC-conjugated goat anti-
mouse antibody diluted 1:10 in PBS/0.5% BSA and 1:2 in 100
µL cell suspension. Finally, the cells were washed three times,
diluted in 1.5mL PBS/0.5% BSA, and analyzed on a Benson
Dickinson FACS Calibur (BD Biosciences, Franklin Lakes, NJ,
United States) using CELL QuestTM (BD Biosciences, Franklin
Lakes, NJ, United States) and FlowJo 8.8.6 software (FlowJo, LLC,
Ashland, OR, United States).

Cell Culture Stimulation Conditions,
Relative Gene Expression, and Protein
Expression
For stimulations of transfected cells, A549 cells transfected with
sham and FIBCD1, respectively, were harvested by incubation
with 0.5% trypsin/EDTA in DPBS and centrifugation at 350 ×

g for 5min. Cells were suspended in media, counted using a
haemocytometer, and seeded at a density of 106 cells/well/2mL
media in 6-well culture plates or 250,000 cells/well/0.5mL media
in 24-well culture plates (80% confluence). After ∼8 h, the
adherent cells were washed with sterile DPBS, added 2 or 0.5mL
serum-free media, and incubated overnight. Then, cells were
stimulated by removing the media and adding 2mL of fresh
serum-free media containing 100 µL conidia, AIF, β-1,3-glucan,
chitin, galactomannan, or acBSA (ligand control) diluted in
sterile DPBS or 0.5mL of fresh serum-free media containing 22.2
µL human TLR agonist diluted in endotoxin-free water to each
well and incubating 0, 4, and 8 h. All stimulations were performed
as technical duplicates and biological triplicates.

At each time point, culture supernatant was removed from
the cells and used for detection of secreted IL-8 by use
of the human CXCL8/IL-8 DuoSet kit and keeping to the
recommendations of the manufacturer. For RNA analysis, the
cells were washed with DPBS, added TRIzol Reagent, and stored
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at −20◦C. Total RNA was isolated from cells stimulated 8 h
with 500µg/mL AIF, β-1,3-glucan, or chitin, and cells incubated
with DPBS for 8 h as a reference. TRIzol Reagent from technical
duplicates of stimulated cells was pooled together, while five
biological replicates from DPBS-incubated cells were pooled
together to three independent samples. Total RNA was isolated
from TRIzol Reagent according to the recommendations of the
manufacturer in a fume cupboard treated with RNase ZAP R©.
cDNA synthesis by M-MLV reverse transcriptase and oligo-dT
primers was subsequently performed in keep with manufacturer’s
instructions. The RNA concentration and purity (260/280)
was determined by NanoDrop R© ND-1000 spectrophotometry
(Thermo Fisher Scientific Inc., Waltham, MA, United states).
Then, quantitative PCR (qPCR) was performed targeting 21
different genes involved in immunological response and barrier
function (CCL2, CCL5, CCL20, CXCL2, CSF2RA, TNF, TSLP,
IL1B, IL6 IL8, IL10, IL12B, IL13, IL25, IL33, MUC1, MUC13,
MUC5AC, TJP1, OCLN, ICAM1) and two housekeeping genes
(GAPDH, TBP) for normalization. Custom TaqMan R© Array 96-
well Plates containing dried assay of these genes were added 10
µL cDNA diluted 1:2 in 2 X TaqMan R© fast advanced master
mix as single copies and qPCR was performed according to the
recommendations of the manufacturer using a StepOnePlusTM

Real-Time PCR System (Applied Biosystems R©, Thermo Fisher
Scientific Inc., Waltham, MA, USA) and StepOneTM v2.1
software (Applied Biosystems R©, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). A no-template control was included
to exclude DNA contamination. Relative expression of the
genes was calculated by qBase plus software (Biogazelle, Gent,
Belgium), which uses threshold cycle values of target genes
and reference genes to determine calibrated normalized relative
quantities (CNRQs). For protein analysis, cells were washed twice
with DPBS, added 11 µL/cm2 RIPA buffer/protease inhibitors
(1 tablet per 50mL)/phosphatase inhibitors (1 tablet per 10mL),
and incubated on a shaker at 4◦C for 60min. Cellular debris
were sedimented by centrifugation at 4◦C, 10,000 rpm (Sigma
1–16 k refrigerated centrifuge, Sigma-Aldrich Co., St Louis,
MO, United States) for 5min and supernatants were stored at
−20◦C. Protein concentrations were determined by Bradford in
accordance with the recommendations of the manufacturer and
samples were prepared for SDS-PAGE by boiling three parts cell
lysate with one part SDS-PAGE sample buffer on a 99◦C heating
block for 1min. The samples were alkylated by adding one tenth
1.4M IAA, separated on a 4–12% polyacrylamide gradient gel (19
µg protein per well) usingMOPS running buffer, and analyzed by
Western blotting as described in the following section.

Western Blotting
Proteins separated by SDS-PAGE were transferred onto a
polyvinylidene difluoride membrane by semidry electroblotting
(1.2 mA/cm2 for 1 h or 0.2 mA/cm2 overnight) using transfer
buffer (75mM Tris-base/39mM glycine/0.037% (w/v) SDS/20%
ethanol) and blocked with TBS/0.5MNaCl/0.1% Tween/5% non-
fat dry milk at 4◦C for several hours. FIBCD1 was detected by
probing the blot with 2µg/mL mouse monoclonal anti-FIBCD1
antibody HG-HYB-12-2 or mouse monoclonal anti-FIBCD1-
FReD antibody HYB-11-14-25 diluted in TBS/0.5M NaCl/0.1 %

Tween/2.5% non-fat dry milk at 4◦C overnight. Mucins were
detected by probing the blot with 0.22µg/mL rabbit monoclonal
anti-MUC-1 antibody, 2µg/mL rabbit polyclonal anti-MUC-
13 antibody, or 6.6µg/mL mouse monoclonal anti-MUC-5AC
antibody in 20mL TBS/0.5M NaCl/0.1% Tween/2.5% non-fat
dry milk at 4◦C overnight. Mouse monoclonal anti-GAPDH
antibody (0.01µg/mL) was used as control. Excess antibody was
removed by extensive washing with TBS/0.5MNaCl/0.1% Tween
and the blot was incubated 1 h with either HRP-conjugated rabbit
anti-mouse antibody diluted 1:10,000 or HRP-conjugated goat
anti-rabbit antibody diluted 1:20,000 in TBS/0.5M NaCl/0.1%
Tween. The blot was washed, developed using ECL standard
method, detected by Fusion Fx7 (Vilber Lourmat, Collégien,
France), and depicted using FUSION-CAPT version 15.18
software (Vilber Lourmat, Collégien, France). Precision Plus
ProteinTM KaleidoscopeTM Standards were used as size markers.
Between incubations with anti-mucin and -GAPDH antibodies,
the membrane was stripped and blocked. Stripping was achieved
by washing once with TBS/0.5M NaCl/0.1% Tween, boiling in
deionized water for 10min, and washing twice with TBS/0.5M
NaCl/0.1% Tween.

Expression of Results and Statistics
Unless otherwise stated, data are expressed as mean ± SEM and
differences were considered to be statistically significant when
p < 0.05. Log2-transformed IL-8 secretion data was analyzed by
one- or two-way ANOVA with Tukey’s post-hoc tests depending
on the number of independent variables using Prism software
(version 6.0d, Graphpad, San Diego, CA, USA). Multilevel
mixed-effects linear regression models were used to determine
whether changed RNA expression of various genes was associated
with stimulant, genotype, or a combined effect of these variables
using the XTMIXED function of STATA13 (STATA Corp,
College Station, TX, USA). Genes were analyzed separately using
multilevel mixed-effects linear regression models to compensate
for random effects. Log2 (CNRQ) was outcome, while stimulant,
genotype, and interaction between these were fixed effects, and
biological triplicate and culture plate variation were random
effects (Table S1). Final models were evaluated for normality
by prediction of residuals and assessment of their normal
distribution by graphic (qq-plot, histogram, and box plot) and
numeric methods (Skewness/Kurtosis and Shapiro-Wilk tests).
P-values were extracted from the models using the LINCOM
function.

RESULTS

FIBCD1 Is Expressed on the Apical Surface
of Human Bronchial and Alveolar Epithelial
Cells
We have previously shown that FIBCD1 is expressed apically by
epithelial cells of mucous membranes, i.e. the small and large
intestine and salivary glands (14), and therefore hypothesized
that it is also expressed in the lung mucosal membrane. First,
we determined FIBCD1 mRNA expression in a series of human
tissues (Figure 1A). The highest expressional levels were found

Frontiers in Immunology | www.frontiersin.org September 2018 | Volume 9 | Article 196799

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Jepsen et al. FIBCD1 Regulates Anti-A. fumigatus Response

in the respiratory tract (lung and trachea), gastrointestinal tract
(colon and small intestine), testis, placenta, and brain. Then, we
performed an immunohistochemical (IHC) analysis of human,
non-cancerous lung tissue (control) from patients with lung
cancer (Figures 1B–E) and from patients with pulmonary A.
fumigatus infection (Figures 1F–I). FIBCD1 immunostaining
was detected in submucosal glands, alveoli, and bronchioles with
more intense staining coincident with areas of inflammation
(Figures 1G,H). Bronchiolar FIBCD1 was restricted to the
apical surface of ciliated epithelial cells (Figures 1E,I) similar
to the expression observed in the gastrointestinal tract (14).
Similar results were observed by von Huth et al. (25) in non-
malignant, non-inflammatory, and histologically normal, human
tissues. Thus, FIBCD1 is expressed apically in the lung mucosal
membrane and seemingly increased in areas of inflammation.

FIBCD1 Binds to A. fumigatus Dependent
on Cell Wall PAMP Availability
We next examined if FIBCD1 is capable of recognizing A.
fumigatus hyphae. Fluorescence microscopy revealed FIBCD1
recognition of fully-grown hyphae (Figures 2A,B), including
chitin-rich septum regions (Figures 2C,D) and mycelial frame
of budding hyphae (Figures 2E,F). We further examined co-
localization between the chitin-binding fluorescent-labeledWGA
and FIBCD1 in different morphological stages. Co-localization
was observed in all stages characterized by exposed cell wall
polysaccharides including swollen conidia, germ tubes, budding
regions, and growing hyphae (Figure 2G), while no binding of
FIBCD1 observed on resting conidia (Figure S1). Thus, FIBCD1
binds to A. fumigatus dependent on cell wall PAMP availability.

FIBCD1 Recognizes a Composite Structure
in AIF Not Exclusively Through the S1
Binding Site
To evaluate if FIBCD1 binds fungal chitin, we isolated the
chitin-containing structural skeleton of the A. fumigatus cell
wall (AIF) and performed a pull-down assay (Figure 3A).
We show that rFIBCD1-FReD binds AIF and pull-down
using Dectin-1 fc, rMBL, and WGA demonstrated that cell
wall components β-1,3-glucan, galactomannan, and chitin,
respectively, were preserved after treatment (12, 26). We
observed bands corresponding to FIBCD1-FReD monomeric,
dimeric, trimeric, and tetrameric structures, at ∼25, 50, 75,
and 100 kDa, respectively, and large Dectin-1 fc structures of
∼120 and 300 kDa. We observed bands corresponding to higher
polymeric structures of rMBL, which assembles into trimers
and hexamers of trimers. The smallest rMBL band is ∼30
kDa, which is comparable to the rMBL monomer. Finally, we
observed a band corresponding to the WGA monomer at ∼18
kDa.

FIBCD1 exhibits calcium-dependent binding of chitin
and other acetylated compounds through a conserved S1
hydrophobic pocket of the FReD (14, 15). Therefore, we
hypothesized that FIBCD1 binds A. fumigatus AIF through a
similar mechanism. To investigate this, we performed a pull-
down assay using AIF in the presence or absence of calcium and

FIGURE 1 | FIBCD1 RNA is expressed in various human tissues and FIBCD1

protein is expressed on the apical site of lung epithelium and within

submucosal glands. (A) Relative expression of FIBCD1 mRNA in various

human tissues relative to expression in thymus. Technical triplicates. (B–E) IHC

staining of FIBCD1 in non-cancerous lung tissue from a 68-year-old female

patient with adenocarcinoma (scale bars: 100µm, magnification: 40X).

FIBCD1 was detected in submucosal glands (B), non-inflamed alveoli (C),

inflamed alveoli (D), and inflamed bronchioles (E). (G–I) IHC staining of FIBCD1

in lung tissue from a 63-year-old male patient with A. fumigatus infiltration

(scale bars: 100µm, magnification: 40X). Formation of aspergilloma was

observed (F, scale bar: 200µm, magnification: 20X) and FIBCD1 was detected

in alveoli with atelectasis (G) and pneumonia (H) and in bronchioles (I).
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FIGURE 2 | FIBCD1 recognizes chitin-rich regions of A. fumigatus during different life stages. Bright field (A,C,E) and fluorescence (B,D,F,G) microscopy of A.

fumigatus. (A,B) A total of 107 A. fumigatus conidia/mL was grown in SD medium to form fungal hyphae followed by staining with Alexa 488-labeled FIBCD1 as

described in materials and methods. A clear recognition of fungal hyphae by FIBCD1 was observed. Image: 10X objective. (C–F) 5·106 A. fumigatus conidia/mL were

grown in SD broth medium and stained with Alexa 488-labeled FIBCD1. rhFIBCD1 recognized the chitin-rich A. fumigatus septum of fully-grown hyphae. Image 40X

and 20X objectives. (G) 104 A. fumigatus conidia/mL was grown in SD medium for various time points (6, 8, and 12 h) at 37◦C and stained with Alexa 633-labeled

WGA and Alexa 488-labeled FIBCD1. FIBCD1 failed to bind resting conidia (Figure S1). We observed co-localization of regions recognized by Alexa 488-labeled

FIBCD1 and Alexa 633-labeled WGA.

acetate (Figure 3B). The insoluble, separate cell wall components
β-1,3-glucan and chitin (beads) were used as negative and
positive control, respectively (14). Surprisingly, our results show
that FIBCD1 binding of AIF is calcium-independent and less
sensitive to acetate than purified chitin, suggesting that FIBCD1
binds AIF through additional binding sites outside the S1 binding
pocket, potentially involving other polysaccharide structures
found in AIF. Therefore, we performed a pull-down assay of
wild type FIBCD1-FReD and FIBCD1-FReD with a site-directed
mutagenesis abolishing the binding properties of the S1 binding
site, A432V (15), using AIF and chitin beads (positive control)

(Figure 3C). Our results show that FIBCD1-FReD is capable of
binding AIF when the binding activity of the S1 binding site is
disrupted.

FIBCD1 Overexpression Suppresses IL-8
Secretion After Stimulation With
A. fumigatus AIF and Galactomannan
A549 lung epithelial cells secrete IL-8 after exposure to A.
fumigatus irradiated conidia and mycelium (27), and we
confirmed a time- and dose-dependent induction of IL-8
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FIGURE 3 | rFIBCD1-FReD binds A. fumigatus AIF calcium- and acetate-independently. (A) The presence and binding activity of β-1,3-glucan, galactomannan, and

chitin in AIF was validated by pull down of know ligands Dectin-1 fc, rMBL, and WGA. The samples were subjected to SDS-PAGE and analyzed by silver staining.

Color is adjusted to gray scale. (B) Western blot showing FIBCD1-FReD pull down by AIF-associated polysaccharides in the presence of calcium (5mM CaCl2), EDTA

(10mM), and acetate (100mM). 2mg of AIF, β-1,3-glucan, and chitin beads were incubated with 5µg/mL FIBCD1-FReD and pull down was performed as described.

Data represent three independent experiments. (C) Western blot showing wild type and A432V mutant FIBCD1-FReD pull down by chitin beads and AIF. Color is

adjusted to gray scale. Lane 1, 3: chitin beads, Lane 2: AIF.

following stimulation with live conidia and AIF (Figure S2).
Since A549 cells constitutively expressed low or non-detectable
levels of FIBCD1 protein (Figure 4B, top panel), we increased
FIBCD1 expression by transfecting A549 cells with the full-length
human fibcd1 gene and compared these to sham-transfected
A549 cells. In A549 FIBCD1-transfected cells, FIBCD1 protein
expression was confirmed by Western blot analysis (Figure 4A)
and surface expression by flow cytometry (Figure 4B, bottom
panel). Stimulation of the transfected A549 cells with AIF, β-
1,3-glucan, chitin, or galactomannan (Figures 4C–L) resulted
in time- and dose-dependent IL-8 secretion. FIBCD1 over-
expression mediated basal suppression of IL-8 secretion in
cells without stimulus (DPBS alone). This FIBCD1-mediated
IL-8 suppression was abolished during stimulation with β-1,3-
glucan (Figures 4E,F) and chitin (Figures 4G,H). Chitin induced
a very low IL-8 response, while β-1,3-glucan induced a high
IL-8 response in both cell types. However, FIBCD1-mediated
suppression of IL-8 secretion was increased by stimulation with
AIF (Figures 4C,D) and galactomannan (Figures 4I,J). A similar
response was observed against the positive control ligand acBSA
(Figures 4K,L). Hence, FIBCD1 overexpression suppresses IL-8
secretion and maintains this suppression after stimulation with
A. fumigatus AIF and galactomannan.

FIBCD1 Suppresses Mucin and
Inflammatory Gene Expression and
Increases Expression of Genes Involved in
Mucosal Barrier Function
Next, we investigated the effect of FIBCD1 transfection on lung
epithelial and immune response gene expression after incubation
with AIF, β-1,3-glucan, and chitin (Figure 5 and Table S1).

Transfected FIBCD1 expression suppressed the RNA expression
of proinflammatory cytokines, chemokines, and mucins (CCL20,
CSF2RA, TNF, IL1B, IL8, MUC1, MUC13, and MUC5AC) and
increased RNA expression of barrier function proteins (OCLN
and ICAM1). FIBCD1-mediated suppression of CCL20, IL1B,
IL8, and ICAM1 was reversed in the presence of β-1,3-glucan
or chitin. In contrast, stimulation with AIF generally increased
FIBCD1-mediated suppression of CCL2, CSF2RA, IL1B, IL8,
MUC13, and MUC5AC and FIBCD1-mediated induction of the
Th2-associated cytokine IL12B. CXCL2, IL6, IL10, IL25, and IL33
were not detected (data not shown). We further evaluated the
protein expression of genes with threshold cycle values below 25
(data not shown) regulated at least 2-fold by FIBCD1 expression
and not already examined (MUC-1, MUC-13, and MUC-5AC)
(Figure 6). In keep with the qPCR data, we observed FIBCD1-
mediated suppression of MUC-1,−13, and−5AC in the presence
or absence of AIF. Increased FIBCD1-mediated suppression
in the presence of AIF was only observed on MUC-13 and
−5AC. Thus, FIBCD1 overexpression suppresses mucins and
inflammatory gene expression and increases expression of genes
involved in mucosal barrier function.

FIBCD1 Influences IL-8 Secretion From
A549 Lung Epithelial Cells in Response to
TLR2, TLR4, and TLR5 Agonists
Finally, we examined whether FIBCD1 expression modulated
TLR-induced IL-8 secretion by stimulating A549 sham- and
FIBCD1-transfected cells with 10 different TLR agonists and
measuring IL-8 levels in culture supernatants (Figure 7).
We found that FIBCD1 in particular suppressed TLR2 and
−4 agonist-induced IL-8 secretion and that TLR5 agonist
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FIGURE 4 | Overexpression of FIBCD1 on the surface of A549 cells inhibits

secretion of IL-8. The phenotype of sham- and FIBCD1-transfected A549 cells

(Continued)

FIGURE 4 | was analyzed by Western blotting (A) and flow cytometry (B).

(A) Western blot of cell lysate from sham- and FIBCD1-transfected A549 cells

under reducing and non-reducing conditions revealed the presence of four

known oligomeric forms of FIBCD1 in the FIBCD1-transfected cells when

probed with the anti-FIBCD1 mAb clone HG-HYB 12-2. (B) Flow cytometry of

sham- and FIBCD1-transfected A549 cells showed surface expression of

FIBCD1 on FIBCD1-transfected cells and none on sham-transfected cells

when using anti-FIBCD1 antibody HG-HYB 12-5 for detection. (C–L) A549

sham- and FIBCD1-transfected cells were seeded at a density of one million

cells in 2mL of media per well of a 6-well tissue culture plate and

serum-starved overnight prior to stimulation with two different concentrations

of several components associated with A. fumigatus or FIBCD1 for 0, 4, and

8 h and the concentration of secreted IL-8 was determined by sandwich ELISA

as described. Left column: Time-dependent IL-8 secretion to 1,000 µg AIF

(C), 1,000 µg β-1,3-glucan (E), 1,000 µg chitin (G), 1,000 µg galactomannan

(I), or 500µg acBSA (K) per 2mL medium. Right column: Dose-dependent

IL-8 secretion after 8 h of stimulation with AIF (D), β-1,3-glucan (F), chitin (H),

galactomannan (J), or acBSA (L). Data are presented as mean ± SEM from

three independent experiments. Duplicate cell cultures were used for each of

the three independent experiments and ELISA measurements were performed

in duplicates on each of these. Data were analyzed by two-way ANOVA,

following Tukey’s test, #p < 0.05, ##p < 0.01, ###p < 0.001, and
#### p < 0.0001 relative to 0 h or DPBS-treated cells. *p < 0.05 and

**p < 0.01, relative to A549 sham cells stimulated with the same stimulant for

the same time period.

circumvented IL-8 suppression. These findings are supported
by qPCR (Figure S4). Though TLR6/2,−7,−8, and −9 agonist-
induced IL-8 secretion was suppressed by FIBCD1 expression,
it differed little from the basal suppression. Contrary to this,
TLR2,−4, and−5 agonist-induced IL-8 secretion was changed at
least 2-fold from basal suppression. Similar results were observed
after 4 h of stimulation (Figure S3). Hence, FIBCD1 expression
influences TLR2,−4, and−5 agonist-induced IL-8 secretion.

DISCUSSION

We previously reported FIBCD1 protein expression at the
brush border of human intestinal epithelium and identified
binding of crab shell chitin in the S1 binding site of FIBCD1-
FReD (14, 15). In the current study, we observed FIBCD1
protein expression at the apical site of human bronchial and
alveolar epithelium and binding between FIBCD1 and A.
fumigatus dependent on cell wall availability, as well as an
S1 site-independent AIF recognition. We observed FIBCD1-
mediated suppression of IL-8 secretion, mucin production,
and transcription of genes involved in inflammatory signaling
and FIBCD1-mediated induction of tight junction and cell
adhesion molecule transcription. Additionally, we show that this
regulation was modulated by stimulation with A. fumigatus cell
wall and individual cell wall components, i.e., β-1,3-glucan and
chitin, and FIBCD1 expression effected TLR agonist-induced
IL-8 secretion.

Fluorescence microscopy of different A. fumigatus
morphotypes (Figure 2) showed that soluble FIBCD1 binding
was dependent on conidial germination and concomitant
exposure of cell wall polysaccharides. Thus, FIBCD1’s role in the
immune response against A. fumigatus may be associated
with the expanded immune response, i.e. opsonization
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FIGURE 5 | Overexpression of FIBCD1 affects RNA expression of genes associated with immunological responses at mucosal sites. Relative RNA expression of

cytokines (A-J), mucins (K-M), TJ proteins (N-O), and adhesion protein (P) by A549 sham and A549 FIBCD1 cells in response to stimulation. One million A549 lung

epithelial cells transfected with sham and hFIBCD1, respectively, were incubated with DPBS, 500µg/mL AIF, β-1,3-glucan, and chitin in 2mL serum-free complete

medium for 8 h. The culture supernatants were removed, 1mL TRIzol added to each well, RNA isolated, cDNA synthetized and tested, and qPCR performed. Data are

presented as mean ± SEM from three independent experiments. P-values are extracted from the multilevel linear regression models. #p < 0.05, ##p < 0.01, and
###p < 0.001 relative to DPBS-treated cells. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to A549 sham cells stimulated with the same stimulant.

and chemotactic attraction of neutrophils to the site of
inflammation (1). Furthermore, we observed co-localization
between chitin-rich zones and areas recognized by FIBCD1,
which led us to investigate interaction between FIBCD1 and
the chitin-containing structural skeleton of the A. fumigatus
cell wall (AIF). Pull-down experiments (Figure 3) revealed that
FIBCD1 recognizes AIF independently of calcium and the S1
binding site with less sensitivity to acetate compared to that of
chitin.

Chitin is the only component of the cell wall known as a
FIBCD1 ligand, which it binds through the S1 binding site (14).
These findings support that FIBCD1 recognizes fungal chitin
through the S1 binding site, but also recognizes other cell wall
structures found in AIF, possibly through conjunctional binding
sites or separately in other unknown binding sites.

Similar to a previous study using A549 lung epithelial cells
(27), we observed a time- and dose-dependent secretion of
IL-8, a proinflammatory chemokine that attracts neutrophils
and thereby plays an important role in the inflammatory
response against A. fumigatus hyphae (1). Stimulation of
A549 lung epithelial cells overexpressing FIBCD1 (Figure 4)
revealed a suppression of IL-8 secretion, which is abolished
by stimulation with β-1,3-glucan and chitin and increased by
AIF, galactomannan, and acBSA. As a non-FIBCD1 binding
ligand, we expect the observed effect of β-1,3-glucan on
FIBCD1-mediated suppression of IL-8 secretion to be caused
by the activation of pathways that either deactivate FIBCD1,
decrease its expression, or induce IL-8 production through
circumventing pathways, possibly through the well-known β-
1,3-glucan PRR Dectin-1 (12). Different effects of the FIBCD1
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FIGURE 6 | Overexpression of FIBCD1 modulates mucin protein production. A549 sham- and FIBCD1-transfected cells were seeded at a density of one million cells

in 2mL of media per well of a 6-well tissue culture plate and serum-starved over night prior to incubation with DPBS or 500µg/mL AIF in 2mL serum-free media for 0,

4, 8, and 24 h. (A) Western blot analysis was performed as described using 19 µg of cell lysate per well. Lane 1, 3, 5, 7, 9, 11, 13: A549 sham-transfected cells, Lane

2, 4, 6, 8, 10, 12, 14: A549 FIBCD1-transfected cells. The Western blot shown is from one of three independent experiments yielding similar results. Color is adjusted

to gray scale. (B–D) Western blots were quantified using ImageJ software. The values obtained after 8 h are expressed as mean ± SEM of the ratio of MUC-1 (B),

MUC-13 (C), and MUC-5AC (D) to GAPDH from three independent experiments. Data were analyzed by two-way ANOVA, following Tukey’s test, #p < 0.05, ##p <

0.01, and ###p < 0.001 relative to control cells. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to A549 sham cells stimulated with the same stimulant.

ligands AIF, chitin, and acBSA were observed, which is likely
caused by particle size and source differences known to impact
epithelial responses against chitin (28, 29). Previous studies
have shown that large particles fail to induce an inflammatory
response, while intermediate and small particles protect against
Th2-associated allergy (28, 29). In the current study, the
exact size of the chitin particles is unknown, however, large,
insoluble fragments were observed by bright field microscopy
during the stimulation study, which may have effected the
interaction between FIBCD1 and chitin. Contrary to this, AIF
was administered in intermediate particle size (<40 µm) and
acBSA and galactomannan are both soluble molecules. It is
currently unclear if the FIBCD1-mediated suppression of IL-8
secretion in response to galactomannan is caused bymere particle
size, intersections of signaling pathways or by direct or indirect
interaction between FIBCD1 and galactomannan. It is, however,
clear that galactomannan does not bind to the S1 binding site of
FIBCD1-FReD (Figure S5).

We observed a FIBCD1-mediated transcriptional suppression
of proinflammatory cytokines, chemokines, and mucins and

an induction of barrier function gene expression (Figure 5).
During the anti-fungal response, several proteins of the genes
suppressed by FIBCD1 are released from epithelium to aid in
the response. They cause increased inflammation, recruitment
of neutrophils, monocytes, and mast cells to the site of
inflammation, stimulation of naïve Th cell polarization to
Th2 cells, and facilitate homing of these cells. Finally, they
induce secretion of MUC-5AC and epithelial expression of
MUC-1 and −13, and disrupt epithelial apical junctional
complexes, which further enhances inflammation and antigen
presentation by dendritic cells (30–40). Thus, FIBCD1 may
serve as a general suppressor of airway inflammation. Similar
to the IL-8 secretion observations, stimulation with β-1,3-
glucan and chitin diminish and AIF increases FIBCD1-mediated
suppression.

Mucociliary clearance is the primary defense mechanism
against A. fumigatus in the bronchioles (6) and is highly
dependent on the synthesis, glycosylation, and release of secreted
and membrane-bound mucins (37, 41). FIBCD1-mediated
suppression of MUC-1 and MUC-5AC and an AIF-increased
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FIGURE 7 | Overexpression of FIBCD1 on the surface of A549 cells inhibits

TLR agonist effects. A549 sham- and FIBCD1-transfected cells were seeded

at a density of 250,000 cells in 0.5mL of media per well of a 24-well tissue

culture plate and serum-starved overnight prior to stimulation. The cells were

stimulated with TLR1/2 (A), 5 (F), and 6/2 (G) agonists (0.67µg/mL), TLR2 (B)

agonist (6.7·107 cells/mL), TLR3a (C) and 3b (D) agonists (8.9µg/mL), TLR4

(E) agonist (4.4µg/mL), TLR7 (H) and 8 (I) agonists (1.8µg/mL), and TLR9 (J)

agonist (0.068µg/mL) for 8 h and the concentration of secreted IL-8 was

determined by sandwich ELISA as described in methods. Data are presented

as mean ± SEM from three independent experiments. Duplicate cell cultures

were used for each of the three independent experiments and ELISA

measurements were performed in duplicates on each of these. Data were

analyzed by two-way ANOVA, followed by Tukey’s post-test, #p < 0.05,
##p < 0.01, ###p < 0.001, and ####p < 0.0001 relative to

DPBS-treated cells. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to A549

sham cells stimulated with the same stimulant.

FIBCD1-mediated suppression of MUC-13 and MUC-5AC
were observed by Western blotting of cell lysates from A549
lung epithelial cells (Figure 6). This indicates that FIBCD1

expression impacts mucus composition and thereby fungal
clearance. However, whether these alterations are beneficial
for fungi or host is unclear. Additionally, MUC-5AC is a
secretory mucin (41) and the lack of vesicle storage in the
A549 FIBCD1-transfected cells compared to the A549 sham-
transfected cells may reflect increased release as well as decreased
production.

Finally, we observed that FIBCD1 overexpression affects
the inflammatory response mediated by TLRs in A549 lung
epithelial cells (Figure 7). The overexpression decreases
TLR2- and TLR4-induced IL-8 secretion and increases
TLR5-induced IL-8 secretion. Intriguingly, these TLRs are
associated with different outcomes of fungal infections. Several
studies have investigated the role of TLR2 and TLR4 in the
immunological response against A. fumigatus and found
that their expression is required for optimal host defense
(6, 42, 43). The investigation of TLR5’s involvement in anti-A.
fumigatus responses is fairly limited, and it has early been
demonstrated that TLR5 have no influence on the anti-A.
fumigatus response (42). However, Rodland et al. (44) observed
an increased RNA expression of the receptor in human
monocytes challenges with A. fumigatus and later found that
TLR5 has an enhancing effect on the viability of conidia
(45).

Collectively, our findings demonstrate FIBCD1 as human
lung epithelial PRR that recognizes the cell wall of A. fumigatus
and suppresses epithelial inflammatory signaling and mucin
production. FIBCD1 activation may have a beneficial effect
by decreasing inflammatory damage or an adverse effect
by diminishing anti-fungal responses such as recruitment of
neutrophils and mucin production.
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Figure S1 | FIBCD1 does not recognizes A. fumigatus resting conidia. Bright field

(A) and fluorescence (B) microscopy of A. fumigatus. (A,B) A. fumigatus

conidia/mL was grown in SD medium to form fungal hyphae followed by staining

with Alexa 488-labeled FIBCD1 as described in materials and methods. A clear

recognition of fungal hyphae by FIBCD1 was observed while no staining was seen

of the resting conidia indicated by arrows was seen. Image: 20X objective.

Figure S2 | A. fumigatus conidia and AIF induce IL-8 secretion by A549 wild type

cells time- and dose-dependently. Wild type A549 cells were seeded at a density

of 3·105 cells in 2mL of media per well of a 12-well tissue culture plate and

serum-starved over night prior to stimulation and the concentration of secreted

IL-8 was determined by sandwich ELISA as described in methods. Left panels:

Time-dependent IL-8 secretion to 3·105 conidia (A) and 800µg AIF (C) per 2mL

medium. Right panels: Dose-dependent IL-8 secretion after 8 h of stimulation with

conidia (B) and AIF (D). Data are presented as mean ± SEM from three

independent experiments. ELISA measurements were performed in triplicates

(A,C) and duplicates (B,D) for each of the three independent experiments. Data

were analyzed by two-way (A,C) and one-way (B,D) ANOVA, followed by Tukey’s

post-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001 relative to

previous time or dosage.

Figure S3 | Overexpression of FIBCD1 on the surface of A549 cells influences

TLR agonist effects after 4 h. A549 sham- and FIBCD1-transfected cells were

seeded at a density of 250,000 cells in 0.5mL of media per well of a 24-well

tissue culture plate and serum-starved overnight prior to stimulation. The cells

were stimulated with TLR1/2 (A), 5 (F), and 6/2 (G) agonists (0.67µg/mL),

TLR2 (B) agonist (6.7·107 cells/mL), TLR3a (C) and 3b (D) agonists

(8.9µg/mL), TLR4 (E) agonist (4.4µg/mL), TLR7 (H) and 8 (I) agonists

(1.8µg/mL), and TLR9 (J) agonist (0.068µg/mL) for 4 h and the concentration

of secreted IL-8 was determined by sandwich ELISA as described in methods.

Data are presented as mean ± SEM from three independent experiments.

Duplicate cell cultures were used for each of the three independent

experiments and ELISA measurements were performed in duplicates on each

of these. Data were analyzed by two-way ANOVA, following Tukey’s test,
#p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.001 relative to

DPBS-treated cells. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 relative to

A549 sham cells stimulated with the same stimulant.

Figure S4 | Overexpression of FIBCD1 on the surface of A549 cells influences

TLR agonist effects. A549 sham- and FIBCD1-transfected cells were seeded

at a density of 250,000 cells in 0.5mL of media per well of a 24-well tissue

culture plate and serum-starved overnight prior to stimulation. The cells were

stimulated with TLR1/2 and 5 agonists (0.67µg/mL), TLR2 agonist (6.7·107

cells/mL), and TLR4 agonist (4.4µg/mL) for 4 h (A) and 8 h (B). The culture

supernatants were removed, 0.5mL TRIzol added to each well, RNA isolated,

cDNA synthetized, and qPCR performed. Data are presented as mean ± SEM

from three independent experiments and qPCR measurements were performed

in duplicates on each of these. Data were analyzed by two-way ANOVA,

following Tukey’s test, #p < 0.05, ##p < 0.01 and ###p < 0.001, relative

to DPBS-treated cells. ∗∗p < 0.01, and relative to A549 sham cells stimulated

with the same stimulant.

Figure S5 | Competitive ELISA showing galactomannan’s effect on binding

between acBSA and FIBCD1-FReD. A maxisorp immuno plate was coated

with 1µg/mL acBSA in ELISA coating buffer overnight. PBS, acetate,

mannan, and galactomannan were loaded in a 2-fold dilution series in

TBS/0.05% tween/5mM CaCl2 starting at 100mM, 2 mg/mL, and 2

mg/mL, respectively, along with 0.5µg/mL FIBCD1-FReD. PBS was used as

a control for decreased Ca2+ presence by the addition of polysaccharides

suspended in PBS, calcium content started at 2.5mM CaCl2. FIBCD1-FReD

was detected by 1µg/mL HG-HYB-12-6 in TBS/0.05% tween/5mM CaCl2
and HRP-conjugated rabbit anti-mouse antibody. Data represent three

independent experiments and is shown as mean ± SEM. ELISA

measurements were performed in duplicates for each of the three

independent experiments.

Table S1 | Multilevel linear regression models. Results of the multilevel linear

regression models used to analyze relative mRNA expression of cytokines,

mucins, adhesion proteins, and TJ proteins in A549 sham and A549 FIBCD1

cells in response to stimulation (Figure 6).
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Upon Toll-like receptors 2/4 in 
human lung epithelial cells
Tristan Hayes1,2†, Amanda Rumore 3†, Brad Howard1, Xin He1, Mengyao Luo1,  
Sabina Wuenschmann4, Martin Chapman4, Shiv Kale5, Liwu Li 1, Hirohito Kita 6*  
and Christopher B. Lawrence1*

1 Department of Biological Sciences, Virginia Tech, Blacksburg, VA, United States, 2 Department of Pediatrics, School  
of Medicine, Indiana University Bloomington, Indianapolis, IN, United States, 3 Department of Biology, Randolph College, 
Lynchburg, VA, United States, 4 Indoor Biotechnologies, Charlottesville, VA, United States, 5 Biocomplexity Institute,  
Virginia Tech, Blacksburg, VA, United States, 6 Division of Allergic Diseases, Internal Medicine, Mayo Clinic, Rochester, MN, 
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Allergens are molecules that elicit a hypersensitive inflammatory response in sensitized 
individuals and are derived from a variety of sources. Alt a 1 is the most clinically import-
ant secreted allergen of the ubiquitous fungus, Alternaria. It has been shown to be a 
major allergen causing IgE-mediated allergic response in the vast majority of Alternaria-
sensitized individuals. However, no studies have been conducted in regards to the innate 
immune eliciting activities of this clinically relevant protein. In this study, recombinant Alt 
a 1 was produced, purified, labeled, and incubated with BEAS-2B, NHBE, and DHBE 
human lung epithelial cells. Alt a 1 elicited strong induction of IL-8, MCP-1, and Gro-
a/b/g. Using gene-specific siRNAs, blocking antibodies, and chemical inhibitors such 
as LPS-RS, it was determined that Alt a 1-induced immune responses were dependent 
upon toll-like receptors (TLRs) 2 and 4, and the adaptor proteins MYD88 and TIRAP. 
Studies utilizing human embryonic kidney cells engineered to express single receptors 
on the cell surface such as TLRs, further confirmed that Alt a 1-induced innate immunity 
is dependent upon TLR4 and to a lesser extent TLR2.

Keywords: Alternaria, allergen, innate immunity, toll-like receptors, mold, fungus–host interaction

inTrODUcTiOn

Besides being a common cause of allergic rhinitis, sensitivity to the airborne fungus Alternaria alter-
nata is believed to be a common cause of allergic/atopic asthma. Epidemiological studies from loca-
tions worldwide indicate that Alternaria sensitivity is closely linked with the development of asthma 
and up to 70% of mold-allergic patients have skin prick test (SPT) reactivity to Alternaria (1–3). 
Alternaria sensitivity has been shown to not only be a risk factor for asthma but can also directly lead 
to the development of severe and potentially fatal asthma often more than any other fungus (1–5). 
In addition, Alternaria sensitization has been determined to be one of the most important factors in 
the onset of childhood asthma in the southwest desert regions of the US and other arid regions in the 
world (2, 6, 7). Alternaria spores are ubiquitous, routinely found in atmospheric surveys in the US 
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and in other countries and are the most frequently encountered 
fungal spore type (8). Airborne spore counts are often 1,000-fold 
greater than pollen counts, and exposures are often longer in 
duration. Indeed, it has long been speculated that this type of 
exposure may be partially responsible for both the chronic nature 
and severity of asthma in Alternaria-sensitized individuals (9). 
Indeed, in a survey by the National Institute of Environmental 
Health & Safety of 831 homes, containing 2,456 individuals, it 
was found that the prevalence of current symptomatic asthma 
correlated with increasing indoor Alternaria concentrations (3). 
Higher levels of Alternaria antigens in the environment signifi-
cantly increased odds of having had asthma symptoms during the 
preceding year, more so than other examined antigens.

Although some research has been performed on the physi-
ological and molecular identification of Alternaria allergens, 
approximately three major and five minor allergenic proteins 
have been described to date (10, 11). In general, the biological role 
of these allergens and other fungal products in the development 
of allergy and asthma is poorly understood. There is clearly a need 
to elucidate the role of Alternaria immunoreactive proteins and 
other molecules in the development of asthma from mechanistic 
perspectives.

Many of the known Alternaria allergens are intracellular pro-
teins with clinically relevant homologs being reported in other 
fungi with known functions such as enolase, ribosomal proteins, 
nuclear transport factor, and aldehyde dehydrogenase to name a 
few (11–13). Alt a 1, the major allergen produced by Alternaria spp. 
namely A. alternata, is a relatively small (157 amino acids) secreted 
protein with no clear function in fungal metabolism or ecology 
(14,  15). Its protein sequence and β-barrel structure is unique 
among fungal allergens with no known cross reactivity to other 
allergens (16–20). Diagnosis of A. alternata sensitization is often 
hampered by the variability and complexity of fungal extracts, and 
thus simplification of the diagnostic procedures with purified aller-
gens has been investigated. Currently, in some allergy clinics in the 
US, pure Alt a 1 protein is often used to assess sensitization in SPTs 
in lieu of total fungal extract because it produces the same reaction 
as total antigen extracts in the majority (80–90%) of human subjects 
(21–23). Furthermore, Alt a 1, either in its natural or recombinant 
form, is sufficient for a reliable diagnosis of A. alternata sensitization 
and induces skin prick reactivity comparable with that produced  
by commercially available A. alternata extract (21–23).

In this study, we investigated and report for the first time the 
innate immunostimulatory activities of Alt a 1 in human bron-
chial epithelial cells. We found Alt a 1 has potent cytokine and 
chemokine inducing activity. Moreover, this activity was found to 
be dependent upon toll-like receptors (TLR2 and TLR4) and asso-
ciated signaling pathways. This study is the very first in regards to 
defining the potential role of a single purified Alternaria product or 
protein in innate immunity. Results of these studies are discussed.

MaTerials anD MeThODs

Vector construction and Transformation 
of Pichia pastoris
An Alt a 1 cDNA harboring vector (pGAPZ, Thermo Fisher 
Scientific, Waltham, MA, USA) for expression in P. pastoris was 

provided as a generous gift from Dr. Martin Chapman (Indoor 
Biotechnologies, Charlottesville, VA, USA). Briefly, the pGAPZ-
Alt a 1 vector contained a 6× poly-histidine tag for purification 
via immobilized metal ion affinity chromatography (IMAC) and 
allowed for zeocin to be used for selection. The pGAPZ-Alt a 1 
plasmid was transformed into P. pastoris GS115 (Thermo Fisher 
Scientific, Waltham, MA, USA) via heat shock and plated on 
media containing zeocin according to the manufacturer’s proto-
cols (Thermo Fisher Scientific, Waltham, MA, USA). Next, as per 
the manufacturer’s protocols, zeocin-resistant P. pastoris colonies 
were then screened for the presence of Alt a 1 using colony-based 
PCR using forward primer 5′-gtctggaagatctccgagttttacggacg-
caag-3′ and the reverse primer 5′-cttgcgtccgtaaaactcggagatcttcca-
gac-3′. Positive colonies were selected and used for downstream 
expression and production of rAlt a 1 in P. pastoris GS115.

Protein expression and Purification
The rAlt a 1 protein was expressed in P. pastoris GS115 according 
to the manufacturer’s instructions (Thermo Fisher Scientific, 
Waltham, MA, USA) and purification followed a typical IMAC 
protocol (Qiagen Inc., Valencia, CA, USA). Briefly, yeast was 
grown in 500 mL yeast extract peptone dextrose broth at 22°C 
while shaking at 180  RPM. After 60  h, the culture media was 
separated into cells and supernatant by centrifuge at 5,000 × g for 
10 min. The supernatant was then buffer exchanged with 2 L of 
lysis buffer (50 mM NaH2PO4, 500 mM NaCl, 30 mM Imidazole, 
pH 8.0). After concentrating to 25  mL, supernatant was then 
applied to NiNTA resin (Qiagen Inc., Valencia, CA, USA) that 
had been washed and equilibrated in lysis buffer per manufac-
turer’s protocols. Four column volumes of lysis buffer were flowed 
through the column. Next, 5 mL elution buffer (50 mM NaH2PO4, 
500  mM NaCl, 50  mM imidazole, pH 8.0) was applied to the 
column. Elution buffer with increasing imidazole concentrations 
(100, 150, and 200 mM, respectively) was then applied. rAlt a 1 
protein eluted at 200 mM imidazole concentration.

Purity was assessed via 15% SDS-polyacrylamide gel elec-
trophoresis. As expected, the rAlt a 1 protein appeared to be a 
heterodimer consisting of 14.4 and 17 kDa bands under denatur-
ing conditions. Amicon Ultra Centrifugal Filters MWCO 10 kDA 
(Sigma-Aldrich, St. Louis, MO, USA) were used to concentrate 
proteins, and proteins were buffer exchanged with endotoxin-free 
PBS, pH 7.4 (Thermo Fisher Scientific, Waltham, MA, USA) for 
downstream endotoxin removal and applications. Approximately 
20 mg/L of rAlt a 1 was typically obtained following purification.

endotoxin removal and Quantification  
of ralt a 1
Even though protein was produced in yeast, potential endotoxin 
contamination was removed from purified Alt a 1 using endotoxin 
removal columns (Detoxi-Gel endotoxin removing columns, 
Thermo Fisher Scientific, Waltham, MA, USA). Briefly, resin was 
equilibrated in 1% sodium deoxycholate followed by five volume 
washes of PBS. 1 mL of protein was loaded onto the column and 
incubated for 1 h. Protein was eluted by addition of endotoxin-
free PBS, pH7.4 (Thermo Fisher Scientific, Waltham, MA, USA).

Quantification of endotoxin levels was performed using an 
enzyme-linked immunosorbent assay (ELISA) Kit (Biomatik, 
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ON, Canada). Briefly, 50 µL of protein was assessed following the 
manufacturer’s protocol. Samples were run in duplicate in 96-well 
plate format and were read on a Versa MAX ELISA Microplate 
Reader (Molecular Devices, Sunnyvale, CA, USA) at room tem-
perature. Measurements at OD450 were corrected against values 
obtained at OD570 following the manufacturer’s suggestions.  
A standard curve was generated for each reading and generated 
using R software. Endotoxin/LPS concentration was determined 
using the standard curve and tabulated in ng/mL of LPS. 
Experiments were performed at least five times/protein prepara-
tion. In all experiments, purified rAlt a 1 contained below the 
detectable limit of endotoxin (<0.01  ng/mL). After testing for 
homogeneity of variances, Tukey’s HSD was performed and adjusted  
(if applicable).

Membrane-Based cytokine arrays
Human cell culture supernatants were assayed for general secre-
tion of different cytokines and chemokines using the RayBio 
C-Series Human Cytokine Antibody Array C1 per manufactur-
er’s protocols (RayBiotech, Norcross, GA, USA). BEAS-2B cells 
were grown in DMEM + 1% Pen/Strep/10% FBS. NHBE/DHBE 
were grown in BEGM media per the manufacturer’s protocols 
(Lonza, Walkersville, MD, USA). Cells were incubated at 
37°C/5% CO2. Approximately 4  ×  106 BEAS-2B (ATCC CRL 
9609, Manassas, VA, USA) or 4  ×  106 NHBE/DHBE (Lonza, 
Walkersville, MD, USA) cells were starved for 4 h prior to the 
addition of 50 µg rAlt a 1 and incubated for 24 h. Supernatants 
were collected and used in downstream experiments per the 
manufacturer’s protocols (RayBiotech, Norcross, GA, USA). 
Briefly, membranes were blocked with the blocking buffer and 
then washed. The membranes were then treated with the sam-
ples for 2 h at RT shaking at 90 RPM. After an additional wash, 
the biotinylated antibody cocktail was used to cover the mem-
branes. After a 2-h incubation at RT with shaking at 90 RPM 
another wash step was conducted. Afterward, the membranes 
were covered with horseradish peroxidase streptavidin concen-
trate and incubated for 2 h at RT with shaking at 90 RPM. The 
membranes were then washed and signals were detected using 
chemiluminescence. Briefly, membranes were washed with 
two detection buffers provided by RayBiotech (Norcross, GA, 
USA) and exposed continuously from 5 to 600  s with images 
taken at multiple intervals in between using BioRad Chemi Doc 
CRS+ System with Image Lab Software (BioRad, Berkeley, CA, 
USA). Images were then exported with no correction or image 
modification.

enzyme-linked immunosorbent assays
Enzyme-linked immunosorbent assays were performed using 
Human IL-8, MCP-1, and GRO (a/b/g) ELISA MAX (BioLegend, 
San Diego, CA, USA) kits. Supernatants from cells treated with 
rAlt a 1 were examined following the manufacturer’s protocol. 
Samples were run in duplicate in 96-well plate format and were read 
on a Versa MAX ELISA Microplate Reader (Molecular Devices, 
Sunnyvale, CA, USA) at room temperature. Measurements at 
OD450 were corrected against values obtained at OD570 following 
the manufacturer’s suggestions. A standard curve was generated 
for each reading and generated using R software. Cytokine/

chemokine concentrations were determined using the standard 
curve and tabulated in pg/mL. Experiments were performed 
at least five times. After testing for homogeneity of variances, 
Tukey’s HSD was performed and adjusted (if applicable).

human embryonic Kidney (heK) 293  
cells engineered to express Tlrs  
and Measurement of nF-κB activity
Human embryonic kidney 293-Blue hTLR4 cells expressing 
TLR4, MD2/CD14 co-receptor genes and a secreted embryonic 
alkaline phosphatase (SEAP) reporter gene under control of an 
IL-12 promoter and HEK-Blue Null 2 cells lacking TLR4 recep-
tor but expressing the IL-12 promoter and SEAP reporter gene 
(Invivogen, San Diego, CA, USA) were seeded in a 96-well plate. 
The final volume of culture media was 200  µL DMEM  +  1% 
Pen/Strep/10% FBS. After 16 h at 37°C/5% CO2, the media was 
removed from the cells. Cells were then starved for 2 h in 200 µL 
DMEM  +  1% Pen/Strep. Cells were pretreated with 5  ng/mL 
ultrapure LPS-RS (Invivogen, San Diego, CA, USA), 10 µg/mL  
anti-hTLR4-IgG or 10  µg/mL mouse IgG 1 control antibody 
(antibodies from Invivogen, San Diego, CA, USA) for 1 h. Then 
cells were treated with 1 µg rAlt a 1. Cells were then incubated at 
37°C/5% CO2 for 24 h. Afterward 20 µL of the cell supernatant was 
added to 180 µL QUANTI-Blue reagent (Invivogen, San Diego, 
CA, USA). After incubation for 3 h at 37°C, the plate was read at 
655 nM (VersaMax ELISA microplate reader) at RT. After testing 
for homogeneity of variances, Tukey’s HSD was performed and 
adjusted (if applicable).

Human embryonic kidney 293-Blue hTLR2 cells expressing 
TLR2 and CD14 co-receptor genes and an SEAP reporter gene 
under control of the interferon (IFN)β minimal promoter were 
seeded in a 96-well plate, final volume was 200 µL DMEM + 1% 
Pen/Strep/10% FBS. After 16 h at 37°C/5% CO2, the media was 
removed from the cells. Cells were then starved for 2 h in 200 µL 
DMEM  +  1% Pen/Strep. Cells were pretreated with 10  μg/mL 
human IgA2-control, 10 µg/mL anti-hCD14-IgA, and 1 μg/mL  
Mab-hMD2 (all from Invivogen, San Diego, CA, USA), for 
2 h. Then cells were treated with 1 µg rAlt a 1. Cells were then 
incubated at 37°C/5% CO2, for 24  h. Afterward 20  µL of the 
cell supernatant was added to 180  µL QUANTI-Blue reagent 
(Invivogen, San Diego, CA, USA). After incubation for 3  h at 
37°C, the plate was read at 655 nM (VersaMax ELISA microplate 
reader) at RT. After testing for homogeneity of variances, Tukey’s 
HSD was performed and adjusted (if applicable).

Human embryonic kidney 293-Blue hTLR5 cells expressing 
TLR5 gene and an SEAP reporter gene under control of an AP-1 
promoter were seeded on a 96-well plate. Cells were treated with 
100  ng/mL of FLA-ST Ultrapure (Invivogen, San Diego, CA, 
USA) or 1  µg rAlt a 1. This purified flagellin from Salmonella 
typhimurium is detected by TLR5 resulting in MyD88-mediated 
NF-κB activation. Cells were incubated overnight at 37°C/5% 
CO2. After incubation, 20 µL of the cell supernatant was added 
to 180 µL QUANTI-Blue reagent (Invivogen). After incubation 
for 3 h at 37°C, the plate was read at 655 nM (VersaMax ELISA 
microplate reader) at RT. After testing for homogeneity of vari-
ances, Tukey’s HSD was performed and adjusted (if applicable).
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FigUre 1 | Cytokine profiling of rAlt a 1 treated BEAS-2B cells. 5.0 × 105 BEAS-2B cells were treated with 50 µg rAlt a 1 or 50 µL of endotoxin-free, sterile  
PBS (negative control). Cytokine array blots (top left) and corresponding maps of targets (top right) derived from cells treated with rAlt a 1, cytokine array blot 
(bottom left) and corresponding map of targets derived from cells treated with PBS (bottom right). Comparisons were made between the two blots and cytokines 
and chemokines highlighted in blue are those that were found to be qualitatively stronger in cells treated with rAlt a 1.
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Blocking antibodies in Beas-2B cells
2.5 × 105 BEAS-2B cells were plated in 1 mL DMEM + 1% Pen/
Strep/10% FBS. After 24 h, 10 µg/mL of either anti-hTLR2-IgA, 
10  µg/mL anti-hTLR4-IgG, 10  µg/mL human IgA2-control, or 
10 µg/mL mouse-IgG1-control (all from Invivogen, San Diego, 
CA, USA) was added. After 2 h, 100 µg rAlt a 1 was added. Cells 
were then incubated for 24 h at 37°C/5% CO2. Supernatants were 
then collected and assayed for cytokines via ELISA as described 
previously.

gene Knockdown Using sirnas  
in Beas-2B cells
3.0 × 105 BEAS-2B cells were seeded and cultured to 70% confluency 
in 24-well plates containing DMEM with 10% FBS. The cells were 
then transfected with 10 nM of either scrambled control, TLR2, 
TLR4, TIRAP, or MyD88 siRNAs (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) in serum-free Opti-MEM medium (Invitrogen, 
Carlsbad, CA, USA) using Lipofectamine RNA iMAX Reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s 
protocols. After 24 h, cells were treated with either 50 µg rAlt a 1 
or where appropriate, 5 ng/mL of LPS (Sigma-Aldrich, St. Louis, 
MO, USA). To determine efficacy of gene silencing, western blot 
analysis was performed 24 h after transfection.

statistical analysis
Data are expressed as means and SDs. Data were tested for homo-
geneity of variances and appropriated analysis of variances tests 
were performed and adjusted accordingly. Downstream analysis 
of all numerical data utilized R software and packages. Packages 
used for analyzing data included Coin, Car, Drc, Multcomp, and 
Sandwich (24–28).

resUlTs

alt a 1 induces innate immune responses 
in Beas-2B Bronchial epithelial cells
To initially characterize the innate immune response induced by 
rAlt a 1 in bronchial epithelial cells in vitro, we used human cytokine/
chemokine arrays harboring antibodies corresponding to 23 target 
molecules. Our results indicated that Alt a 1 induced the secretion 
of several cytokines and chemokines in BEAS-2B human bronchial 
epithelial airway cells—primarily MCP-1 (CCL2), IL-8, and GRO-
a/b/g (CXCL1/2/3) (Figure  1). Similar results were obtained in 
experiments using NHBE and DHBE cells (data not shown). There 
were no marked differences between responses in BEAS-2B, NHBE, 
and DHBE cells. There was some indication that IL-15 may also be 
inducible by Alt a 1 in our array studies but was not explored further.

After finding that rAlt a 1 induces the secretion of several 
innate immune cytokines and chemokines via array blots, 
determining if there was a time-dependent secretion of IL-8 in 
BEAS-2B cells was conducted via ELISA assay (Figure 2). The 
goal of this experiment was to characterize the temporal aspects 
of IL-8 secretion and to determine if 24 h post treatment was opti-
mal for supernatant collection. Human cells were incubated with 
Alt a 1 for time periods ranging from 15 min to 24 h. Significant 
increases of IL-8 secretion occurred after cells were incubated 
with Alt a 1 for 12 h. However, 24 h was the time point at which 
IL-8 secretion was the highest (Figure 2A). We also determined if 
Alt a 1 induces IL-8 in a dose-dependent manner and found this 
to be the case (Figure 2B). We found very strong induction of 
IL-8 with as little as 10 μg of rAlt a 1 with a maximum induction 
using 150 μg of protein. This indicates Alt a 1 is quite potent at 
inducing IL-8 in BEAS-2B cells even at lower concentrations.
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FigUre 2 | Temporal and dose dependency of Alt a 1 induced IL-8 in 
BEAS-2B cells. (a) 2.0 × 105 BEAS-2B cells were grown in RPMI + FBS + 1% 
Pen Strep. Cells were starved for 6 h prior to induction with rAlt a 1 or 
endotoxin-free sterile PBS. The starve media consisted of RPMI + 1% Pen 
Strep without FBS. Cells were treated with 50 µg rAlt a 1 for the specified 
time. Supernatants were collected and assayed via BIOLEGEND IL-8 
ELISAMAX. After testing for homogeneity of variances, Tukey’s HSD was 
performed and adjusted (*p < 0.001). Data are represented as mean (SD). 
Comparisons were made between rAlt a 1 treated and untreated cells 
(PBS-treated 24 h control). (B) 5 × 105 BEAS-2B cells were grown in 
RPMI + FBS + 1% Pen Strep. They were then starved for 6 h. The starve 
media was RPMI + 1% Pen Strep. Cells were treated with rAlt a 1 or PBS 
(0 μg) for 24 h. Media was collected and assayed via BIOLEGEND IL-8 
ELISAMAX. Data are represented as mean (SD). Comparisons were made 
between Alt a 1-treated and control PBS-treated cells (*p < 0.001).
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Additional ELISA assays were next used instead to quantify 
and confirm the levels of secreted cytokines/chemokines, 
MCP-1 (CCL2), IL-8, and GRO-a/b/g (CXCL1/2/3). Human 
BEAS-2B cells were treated with rAlt a 1 for 24 h (Figure 3). The 
ELISA results confirmed the cytokine array blots and showed that 
levels of human IL-8, MCP-1, and GRO-a/b/g were significantly 
increased in rAlt a 1 treated cells.

gene Knockdown approaches Using 
sirnas indicate alt a 1 induction of innate 
immune responses is Dependent Upon 
Tlr signaling in Beas-2B cells
To determine the potential role of known pattern recognition 
receptors (PRRs) such as TLRs and associated signaling pathways 
in Alt a 1-induced innate immune responses in bronchial epithelial 
cells (BEAS-2B), a gene knockdown approach using siRNAs was 
used initially. A suite of gene-specific siRNAs (MyD88, PI-3-K, 
TIRAP, TLR2, TLR3, TLR4) or scrambled control siRNA (scRNA) 
were transfected into BEAS-2B cells, then treated with rAlt a 1 for 

24 h. We confirmed knockdown of target genes using quantitative 
reverse transcription PCR. We typically obtained >70% gene-
specific knockdown efficiency (data not shown). Supernatants 
were then collected and assayed for IL-8 levels. These cells showed 
no consistent reduction in IL-8 secretion when PI-3-K and TLR3 
were knocked down (data not shown). In repeated experiments, 
Alt a 1-treated cells showed decreased IL-8 secretion following 
incubation with siRNAs corresponding to MyD88, TIRAP, TLR2, 
and TLR4, compared to scRNA controls (Figure 4). We found 
that silencing of TLR4 resulted in complete abolishment of Alt a 
1 induced IL-8 when compared to scRNA control treated cells. In 
comparison to silencing of TLR4, the effect of silencing TLR2 was 
statistically significant but was not as robust in these experiments. 
Interestingly, akin to our results with TLR4-specific siRNAs, we 
found that silencing of TIRAP or MyD88 resulted in virtually 
complete abolishment of Alt a 1 induced IL-8 when compared 
to scRNA control treated cells indicating the importance of these 
adaptor proteins downstream of TLR-receptors. Collectively, this 
data indicated that Alt a 1-induced innate immune responses are 
dependent upon these receptors and downstream adaptors in 
BEAS-2B cells (Figure 4).

Blocking antibody and antagonist 
approaches Demonstrate alt a 1 induction 
of innate immune responses is 
Dependent Upon Tlr signaling in Beas-
2B cells
We confirmed the results of our siRNA gene knockdown experi-
ments using TLR2 and TLR4 blocking antibodies. In preliminary 
experiments using TLR4 blocking antibodies, results indicated 
that TLR4 is important for Alt a 1 induction of MCP-1 (CCL2), 
IL-8, and GRO-a/b/g (CXCL1/2/3) in BEAS-2B cells (data not 
shown).

Next we incorporated control antibodies (non-blocking), and 
TLR4 and TLR2 specific blocking antibodies (Figure 5). Blocking 
TLR4 resulted in a much more pronounced reduction in Alt a 
1-induced IL-8 compared to blocking TLR2. We also examined 
if combining TLR2 and TLR4 blocking antibodies would have an 
additive effect in regards to dampening Alt a 1 induced IL-8 and 
found this to be the case. Pretreating cells with both TLR2 and 
TLR4 blocking antibodies completely abolished Alt a 1-induced 
IL-8 but was not statistically significant when compared to 
blocking TLR4 alone and may warrant further investigation. 
Collectively, these results suggested that Alt a 1-induced IL-8 in 
BEAS-2B cells is primarily dependent upon TLR4 with a minor 
contribution from TLR2.

engineered heK 293 cells Demonstrate 
alt a 1-induced nF-κB signaling is Tlr 2 
and 4 Dependent
To further examine the importance of TLR4 in the initiation of 
the innate immune response to Alt a 1, we used HEK 293 cells 
engineered to express specific cell surface receptors such as TLR2, 
TLR4, or TLR5. These cells are also engineered with a reporter 
system whereby an NF-κB-dependent gene promoter is fused to a 
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FigUre 3 | Induction of cytokines and chemokines in BEAS-2B cells treated with Alt a 1. 5.0 × 105 human BEAS-2B cells were treated with 50 µg rAlt a 1  
for 24 h. Supernatant was collected and cytokine/chemokine levels were determined using BIOLEGEND ELISAMAX [MCP-1 (CCL2), IL-8, and GRO-a/b/g 
(CXCL1/2/3)]. Data are represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (*p < 0.001).
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gene encoding a secreted form of alkaline phosphatase (SEAP). In 
initial experiments, HEK-Blue hTLR4 cells were used to determine 
if Alt a 1 could activate NF-κB signaling via TLR4 (Figure 6). We 
first optimized the systems using cells treated with a TLR4-specific 
agonist LPS (ultrapure TLR4-specific LPS-EB) and this resulted in 
high levels of SEAP (Figure 6A). This activity could be reduced 
when cells were pretreated with a TLR4 antagonist (LPS-RS which 
binds to TLR4 but does not induce a downstream signal), or with 
TLR4 blocking antibodies (Figure 6A).

Using this system, cells were pretreated with antibodies and 
then treated with rAlt a 1. Directly supporting our data from 
experiments with TLR4-specific siRNAs and blocking antibodies 
in BEAS-2B cells, the HEK-hTLR4 cells but not corresponding 
HEK-null control cells were responsive to rAlt a 1 (Figure 6B). 
Furthermore, this response could be almost completely abolished 
by directly blocking the TLR4 receptor using both TLR4 block-
ing antibodies and the TLR4 antagonistic ligand, LPS-RS. Non-
blocking control antibodies had no effect on rAlt a 1-induced 
SEAP. We also performed similar experiments in hTLR2 HEK-blue 
cells. Results of these experiments indicated that Alt a 1 induced 
SEAP activity was dependent upon TLR2 (Figure 6C).

The specific mechanism for how Alt a 1 triggers both TLR2 and 
TLR4 is unclear. One explanation could lie in the requirement of 
co-receptor molecules for the receptors, such as CD14 and MD2. 
Experiments focusing upon co-receptor molecules for both TLRs 
were explored in HEK-hTLR2 and HEK-hTLR4 cells. CD14 associ-
ates with both TLR2 and TLR4 upon signaling. Another receptor, 
MD2, is more specific to TLR4. Therefore, we tested to see if these 
adaptors/co-receptors may be important for signaling using CD14 
and MD2 blocking antibodies first in hTLR4 HEK-blue cells.

When CD14 was blocked in hTLR4 HEK-blue cells, signaling 
appeared to be reduced only slightly and was not statistically 

significant (Figure S1 in Supplementary Material). This suggested 
that Alt a 1 may trigger immunity in a CD14-independent man-
ner to a large degree through TLR4. Results of these experiments 
also suggested that MD2 may not be important for the ability of 
Alt a 1 to signal through TLR4.

By contrast, blocking CD14 in HEK-hTLR2-blue cells treated 
with Alt a 1 appeared to cause a small but significant reduction in 
SEAP (Figure S2 in Supplementary Material). This indicated CD14 
may be required for optimal signaling by Alt a 1 via TLR2. Blocking 
MD2 had no effect on HEK-hTLR2-blue cells treated with Alt a 1 
indicating unlike CD14, MD2 is most likely not involved in Alt a 1 
induced signaling via TLR2.

Finally, we investigated the MyD88-dependent TLR5 receptor 
using a similar approach. To ensure that the conditions of our sys-
tem were compatible with HEK-hTLR5 cells, we first used bacte-
rial flagellin from S. typhimurium (FLA-ST), a canonical ligand for 
TLR5 as a positive control. As expected, FLA-ST induced robust 
TLR5-dependent SEAP activity. In contrast to HEK-hTLR2 and 
HEK-hTLR4, HEK-hTLR5 cells treated with Alt a 1 showed no 
response indicating that Alt a 1 does not trigger a TLR5–MyD88-
dependent response (data not shown).

DiscUssiOn

Alt a 1 is the most relevant allergen from the fungus A. alternata. 
Over 90% of patients sensitized to Alternaria typically have  
specific IgE to Alt a 1, indicating that it is a major allergen (29, 30). 
Sequence and structural studies have indicated that Alt a 1 is a 
species-specific allergen with no known cross reactivity with 
other allergens. Its sequence and β-barrel structure is unique 
among fungal allergens (16–20). Insights into its function have 
been hypothesized. Because Alt a 1 localizes to the cell wall of 
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FigUre 4 | Alt a 1 induces signaling in BEAS-2B cells via toll-like receptor (TLR)2, TLR4, MyD88, and TIRAP. 3.0 × 104 human BEAS-2B cells in DMEM + 10%  
FBS were cultured to 70% confluency in 24-well plates. The cells were transfected with 10 nM of either scrambled control or gene-specific siRNAs in serum-free 
Opti-MEM medium using Lipofectamine RNA iMAX Reagent according to the manufacturer’s protocols. After 24 h, cells were treated with either 50 µg rAlt a 1 or an 
equivalent volume of PBS. Media was collected and assayed via BIOLEGEND IL-8 ELISAMAX. Data are represented as mean (SD). After testing for homogeneity of 
variances, Tukey’s HSD was performed and adjusted (if applicable) (*p < 0.001). (a) TLR2, (B) TLR4, (c) MyD88, and (D) TIRAP.
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spores, it has been predicted to play a role in the stability of the 
spore (31). Alternaria spores isolated from schools, libraries, and 
offices have been shown to be capable of secreting detectable levels 
of Alt a 1 (32). On plants, this protein may play a role in the patho-
genesis of Alternaria spp. (33). This protein has the potential to 
bind quercetin/flavonol like molecules of plant and fungal origin 
(34). Alt a 1 has been shown to be localized in the cytoplasm 
and cell wall of spores and secreted extremely rapidly in media of 
physiologically relevant pH especially slightly acidic conditions 
(34). This suggests that following spore inhalation, Alt a 1 may 
be secreted into the airways quite rapidly. Based on these recent 
secretion studies it is possible that all individuals are chronically 
exposed to Alt a 1 even in the absence of fungal colonization of 
the airways. Studies examining the importance of Alt a 1 beyond 
the scope of its capability of being used in diagnostic procedures 
have not been conducted (21).

In this study, we report for the first time that Alt a 1 induces 
innate immune responses in bronchial epithelial cells in  vitro.  
A combination of cell lines and primary cells (BEAS-2B, NHBE, 
DHBE) with complementary experimental approaches were used 
to determine that at least some aspects of Alt a 1 signaling are 
dependent upon PRRs and adaptor molecules including TLR2, 
TLR4, MYD88, and TIRAP. Moreover, this is the first study to 
show that a single, highly purified molecule from Alternaria 
induces innate immune responses.

Previously, most immunological studies surrounding Alternaria  
have employed potent extracts consisting of a complex mixture of 
proteins and speculatively other molecules from Alternaria which 
could include mycotoxins, other secondary metabolites, and cell 
wall fragments such as chitin, mannans, and β-1,3-glucans. The 
complexity and inconsistency of extract composition has made 
it challenging to define specific components contributing to the 
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FigUre 5 | Alt a 1 primarily induces innate immunity through toll-like 
receptor (TLR)4 in BEAS-2B cells. 2.5 × 105 BEAS-2B cells were grown in 
RPMI + FPS + 1% Pen Strep. Cells were washed 24 h before use. They 
were then starved for 6 h. The starve media was RPMI + 1% Pen Strep. 
Some cells were pretreated with 10 µg/mL anti-hTLR2-IgA, 10 µg/mL 
anti-hTLR4-IgG, 10 µg/mL human IgA2-control, or 10 µg/mL mouse-IgG1-
control for 1 h, then given 50 µg rAlt a 1. Cells incubated for 24 h. Media was 
collected and assayed via BIOLEGEND IL-8 ELISAMAX. Data are 
represented as mean (SD). After testing for homogeneity of variances, 
Tukey’s HSD was performed and adjusted (if applicable) (*p < 0.001). The 
anti-hTLR2-IgA Alt a 1 treatment was compared to the Alt a 1-IgG treated 
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proinflammatory nature of these products. It is widely accepted 
that different culture and extraction conditions can lead to the 
variability in airway cell response to extracts (22, 35). In addi-
tion, extracts can have widely different allergen content (36). 
Expression of fungal allergens can even vary by strain (37).

It has been reported in several studies that protease activities 
in Alternaria extracts, especially serine, aspartic, and cysteine 
protease activity, are potent inducers of cytokines in  vitro and 
in  vivo (38–40). Using inhibitors, it was preciously shown that 
serine proteases activity from Alternaria induced TSLP and 
IL-33, potentially playing an important role in the development 
of allergic inflammation, airway disease, and severe asthma exac-
erbations (38). Aspartic protease activity was shown to activate 
eosinophils leading to degranulation (39). Aspartic protease 
activity was shown to induce the release of several other cytokines, 
including IL-6 and IL-8 (40). Despite the evidence for the role 
of Alternaria proteases found in extracts to be potent inducers 
of cytokines, no single purified protease has been identified and 
correlated with these activities. It is important to note that Alt a 
1 has not been reported to possess any protease activity. Alt a 1’s 

enzymatic activity has been reported to be primarily esterase and 
phosphatase (14). While extracts have clearly defined a potential 
role that proteases play in the immune response of the airway 
to fungi, they have not allowed for the determination of the 
role that individual proteins of Alternaria, such as Alt a 1 may 
play in the context of allergic inflammation, sensitization, and 
development of more complex disorders such as asthma (41). It is 
interesting to speculate how Alt a 1 may contribute to the overall 
inflammatory response of Alternaria spores and hyphae in the 
context of other proinflammatory molecules found in Alternaria 
including proteases mentioned above, chitin, glucans, mannans, 
and other yet to be identified molecules. In this regard, we have 
created Alt a 1 knockout (KO) and overexpression mutants in  
A. alternata and have recently initiated in vitro and in vivo experi-
ments comparing these mutants and wild-type (WT) spores for 
their ability to induce immune responses. Preliminary data from 
our lab indicate that mutant spores lacking Alt a 1 induce an 
overall lower innate immune response when compared to WT 
spores both in vitro (BEAS-2B cells) and in mouse in vivo models 
(Rumore et al., unpublished). Moreover, Alt a 1 overexpression 
mutants (secreting ~2.5 times as much Alt a 1 compared to WT) 
induce a dramatically higher innate immune response in these 
systems compared to Alt a 1 KO mutants or WT spores. Future 
experiments investigating the role of Alt a 1 in adaptive immunity 
in vivo are certainly warranted using these tools.

Although tremendous progress has been made over the past 
few decades regarding determining the mechanistic aspects of 
allergic inflammation, more research needs to be performed in 
innate immunity and its role in sensitization and exacerbation 
aspects of allergic diseases. Published studies have increasingly 
made it clear that TLRs are key players in innate immunity to a 
growing number of allergens. For example, the dust mite allergen, 
Der p 2, has been shown to mimic the activity of human and 
mouse MD2 in the presence of LPS to trigger a response through 
TLR4 (42) in vitro and in vivo. Der p 2 has been shown to induce 
TLR2–MYD88-dependent mediated innate immune signaling in 
nasal fibroblasts (43). In this study, we found the induction of 
several cytokines and chemokines by Alt a 1 in bronchial epi-
thelial cells including GRO-a/b/g (CXCL1/2/3), IL-8, and MCP-1 
(CCL2) and this was TLR2/4, MyD88, and TIRAP dependent. 
These cytokines and chemokines have been shown in many studies 
to play a role in monocyte, neutrophil, and fibroblast recruitment 
and angiogenesis in asthma and innate allergic inflammation 
(44–46). Studying if other cytokines and chemokines such as 
TSLP, IL-33, and IL-25 are induced by Alt a 1 and/or in different 
cell types may be the subject of future research. Our preliminary 
data strongly suggest that Alt a 1 is capable of inducing the release 
of IL-33 from NHBE cells and warrants further investigation in 
the future (data not shown).

More specifically, using gene knockdown approaches and 
complementary studies with blocking antibodies, we found that 
the ability of Alt a 1 to induce a potent cytokine response was 
dependent upon TLR2, TLR4, MyD88, and TIRAP. Treatment of 
engineered HEK-Blue Null, TLR2, TLR4, and TLR5 cells with Alt 
a 1 showed that TLR2 and TLR4-associated NF-κB signaling but 
not TLR5 is activated. Furthermore, incubation with TLR4 block-
ing antibodies and LPS-RS caused the abolishment of signaling 
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FigUre 6 | Alt a 1 activates toll-like receptor (TLR)2/4-dependent NF-κB signaling in engineered human embryonic kidney (HEK) cells. 2.5 × 104 HEK-Blue hTLR4 
(a,B), HEK-Blue hTLR2 (c), and HEK-Blue null cells (a–c) were plated in 96-well plates in 200 µL DMEM + 1% Pen/Strep/10% FBS. After 16 h at 37°C/5% CO2, 
the media was removed from the cells. Cells were then starved for 2 h in DMEM + 1% Pen/Strep. (a) Cells were pretreated with 5 ng/mL ultrapure LPS-RS,  
10 µg/mL anti-hTLR4-IgG, or 10 µg/mL mouse IgG 1 control for an hour. Then cells were treated with 5 ng/mL ultrapure LPS-EB. Cells incubated with treatments in 
the incubator for 24 h. Afterward 20 µL of the cell supernatant was added to 180 µL QUANTI-Blue reagent. After incubation for 3 h at 37°C, the plate was read at 
655 nM room temperature. Data are represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (if applicable) 
(*p < 0.001). Comparisons shown are against LPS-EB (*p < 0.001). (B) Cells were pretreated with 5 ng/mL ultrapure LPS-RS, 10 µg/mL anti-hTLR4-IgG, or  
10 µg/mL mouse IgG 1 control for an hour. Then cells were treated with 1 µg rAlt a 1. Cells incubated with treatments in the incubator for 24 h. Afterward, 20 µL  
of the cell supernatant was added to 180 µL QUANTI-Blue reagent. After incubation for 3 h at 37°C, the plate was read at 655 nM room temperature. Data are 
represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (if applicable) (*p < 0.001). Comparisons shown  
are against Alt a 1 + IgG (*p < 0.001). (c) Cells were treated with 1 µg rAlt a 1. Data are represented as mean (SD). After testing for homogeneity of variances, 
Tukey’s HSD was performed and adjusted (if applicable) (*p < 0.001). Comparisons shown are against (a) LPS-EB, (B) Alt a 1 alone or Alt a 1 + IgG, and  
(c) Alt a 1 untreated null and hTLR2 cells and Alt a 1 treated null cells.
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in both HEK-Blue TLR4 and human bronchial epithelial airway 
(BEAS-2B) cells. In contrast to studies with Der p 2, the MD2 
mimic that presents LPS to TLR4, our studies suggest that Alt a 
1 does not function as an MD2 mimic because it is structurally 
unrelated to MD2 or Der p 2. Furthermore, we had virtually 
undetectable amounts of LPS in our protein preparation. LPS was 
a requirement for Der p 2 signaling via TLR4 (42).

In addition to MD2 and CD14, another important protein in 
TLR4 signaling is lipopolysaccharide-binding protein (LBP). LBP 
is mainly found in the serum and has been found to facilitate TLR4 
signaling by carrying LPS to the receptor. In a study by Kato et al. 
comparing gene expression profiles in the presence and absence 
of serum, it was found that induction of cytokines like IL-8 and 
members of the GRO family in PBMCs was not dependent upon 
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Invasive fungal infections result in high morbidity and mortality. Host organs targeted 
by fungal pathogens vary depending on the route of infection and fungal species 
encountered. Cryptococcus neoformans infects the respiratory tract and disseminates 
throughout the central nervous system. Candida albicans infects mucosal tissues 
and the skin, and systemic Candida infection in rodents has a tropism to the kidney. 
Aspergillus fumigatus reaches distal areas of the lung once inhaled by the host. Across 
different tissues in naïve hosts, tissue-resident macrophages (TRMs) are one of the most 
populous cells of the innate immune system. Although they function to maintain homeo-
stasis in a tissue-specific manner during steady state, TRMs may function as the first line 
of defense against invading pathogens and may regulate host immune responses. Thus, 
in any organs, TRMs are uniquely positioned and specifically programmed to function. 
This article reviews the current understanding of the roles of TRMs during major fungal 
infections.

Keywords: tissue-resident macrophages, fungal infections, microglia, alveolar macrophages, Candida, 
Cryptococcus, Aspergillus

inTRODUCTiOn

Macrophages were initially discovered in the late nineteenth century by Metchnikoff and named 
for its phagocytic activity as “devouring cells” in Greek (1, 2). They are capable of engulfing and 
digesting cellular debris, foreign substances, and microorganisms, which are critical for tissue 
remodeling and immune defense against pathogens. Based on the morphology, function, origin, 
and kinetics of these phagocytes, macrophages were categorized into the “mononuclear phagocytes 
system (MPS)” (3). Even after a century since the discovery of macrophages, research efforts have 
continuously focused on the origins and functions of macrophages for their significant impact on 
tissue homeostasis and disease pathogenesis.

Tissue-resident macrophages (TRMs) consist of heterogeneous subsets of macrophages dis-
tributed in tissues across the body and contribute to tissue homeostasis and immunosurveillance 
(4, 5). Depending on which organs they reside, some TRMs have specific names, such as alveolar 
macrophages (AMs) (lung), microglia (brain), Kupffer cells (liver), renal macrophages (kidney), and 
osteoclasts (skeletal system). As such specific names indicate, TRMs are considered to have specific 
functions due to various tissue microenvironments (6, 7). This mini-review provides an outline of 
several major TRMs in fungal infections, mainly focusing on murine studies, by which a majority of 
mechanistic insights about TRMs have been obtained.
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ORiGinS OF TRMs

Developmental Origins of TRMs
Tissue-resident macrophages used to be considered as cells 
derived from circulating monocytes during the early establish-
ment of the MPS (3). However, a series of recent studies drasti-
cally changed this notion, particularly through the technical 
advancement of in  vivo cellular lineage-tracing by employing 
the “fate-mapping” technique using the mouse Cre-lox genetic 
system. Such in vivo lineage-tracing approaches have shown, for 
example, that microglia arise early in mouse development and 
are derived from primitive macrophages in the yolk sac (YS) 
(8). These studies suggested that microglia are ontogenically 
distinct from monocyte-derived macrophages (MDMs), which 
are of the hematopoietic origin. In addition to microglia, F4/80hi 
Kupffer cells and epidermal Langerhans cells were demonstrated 
to be YS-derived and do not require Myb, a transcription factor 
required for the development of hematopoietic stem cells (HSCs) 
(9). By employing the conditional CX3CR1 fate-mapping system, 
another study showed that origins of Kupffer cells, AMs, splenic, 
and peritoneal macrophages, are also embryonic, at least in part 
(10). Introduction of fate-mapping markers other than CX3CR1 
further clarified that TRMs in many tissues consist of mixed 
populations of the embryonic (YS and/or fetal liver) and the BM 
hematopoietic origins, except for microglia that are exclusively of 
the YS-origin (11–13).

A majority of TRMs are self-maintained throughout adult 
life with minimal contribution from circulating monocytes 
(14). However, populations of TRMs can also be replaced. For 
example, intestinal macrophages in mouse neonates are derived 
from YS and fetal liver, but do not persist into adulthood and are 
replaced by MDMs around the time of weaning (15). Cardiac 
macrophages are established from YS and fetal monocyte pro-
genitors, but disruption of homeostasis replaces the population 
with MDMs (11). These murine studies strongly suggested that 
TRMs, in general, are derived from diverse precursors including 
YS macrophages, fetal liver monocytes, and even circulating 
HSC-derived monocytes; and ontogenic origins of TRMs greatly 
vary depending on tissues.

TRMs Reflecting Organ-Specific 
Microenvironments
Tissue-resident macrophages develop locally and adapt to tissue 
microenvironments during embryogenesis and beyond. Distinct 
gene expression patterns were identified among local TRMs from 
various tissues (6, 7, 16, 17), and are often reflected at the epi-
genetic level, particularly indicated by differential histone marks 
on the enhancer landscape (6, 7). Multiple pieces of evidence 
have suggested that such tissue-specific patterns of gene expres-
sion in TRMs are influenced by tissue-specific environmental 
factors, including heme (18), retinoic acid (6, 17), and TGF-β  
(6, 19). Interestingly, macrophage “precursors” derived from YS, 
fetal liver, and adult monocytes appear to have the plasticity to 
become certain TRMs, based on tissue-specific gene expression 
profiles. For example, macrophages precursors from various 
origins develop into functional and self-maintaining AMs, when 

transplanted to an empty alveolar niche (20). However, once 
differentiated into organ-specific macrophages, TRMs, except 
for Kupffer cells, cannot efficiently colonize the empty AM niche 
(20), suggesting that the plasticity would be lost after the precur-
sor stage. Thus, functions of TRMs are actively shaped by their 
local tissue microenvironment.

TRMs in AnTiFUnGAL ReSPOnSeS

Critical steps to protect hosts from infections include; early 
recognition of the fungi, activation of host immunity, and kill-
ing of the spores and vegetative fungal cells to contain fungal 
dissemination (21–24). During early stages of fungal infections, 
infected hosts rely on tissue-resident “cells,” not necessarily TRMs 
alone, to function as the first line of defense. Here, despite the 
tissue-specific functions of TRMs from various organs, a general 
expectation for TRMs is to function as immune sentinels to 
detect infections at the front line. In fact, TRMs express a wide 
array of cell surface receptors that sense intruding microbes and 
produce chemokines and cytokines to recruit and activate other 
cell subsets for further help (25, 26). However, do TRMs always 
work to protect hosts? We will visit this topic in the following 
subsections. As some backgrounds for this section, we would like 
to mention that TRMs are not considered to play a role in T cell 
priming with microbe-derived antigens in draining lymph nodes 
because they are not migratory cells (27). It is also of note that 
CCR2+ inflammatory MDMs play critical role in fungal clearance 
(28–32). Here, CCR2+ MDMs are recruited from circulation by 
chemoattractants secreted by sentinel cells. In the following sub-
sections and Table 1, we focus on the early interaction of TRMs 
with fungi.

Lung—AMs
Because lungs are exposed to the outer environment, they 
constantly inhale microbes, which enter the distal airway to 
bronchioles and alveoli. AMs are lung-resident macrophages 
considered to be largely derived from fetal liver monocytes 
(10, 13, 51) and represent more than 90% of leukocytes in a 
bronchoalveolar lavage in healthy animals (52). Since fungal 
infections through the pulmonary route have been intensively 
studied, AMs may be the best-documented TRMs in fungal 
infections. Here, we discuss AMs and two major pulmonary 
fungal pathogens, Cryptococcus neoformans and Aspergillus 
fumigatus, which can cause serious invasive cryptococcosis and 
aspergillosis, respectively (21, 53–55).

C. neoformans spores and A. fumigatus conidia enter into 
the lungs by inhalation and encounter lung-resident cells first, 
including AMs. Although AMs are not effective in antigen 
presentation to T  cells due to their low level of costimulatory 
molecules (56), AMs are considered to be at the first line of 
immune defense against pulmonary pathogens (57). AMs 
express complement receptor 3 (CR3) and Fcγ receptors (FcγR) 
to opsonize and phagocytose C. neoformans spores (33, 34, 
58, 59). Phagocytosis of C. neoformans spores is enhanced by 
extracellular sphingosine-1-phosphate, which upregulates FcγR 
expression on AMs (35). In A. fumigatus infection, AMs can trap 
dormant A. fumigatus conidia with pseudopods and endocytose 
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TAbLe 1 | Tissue-resident macrophage antifungal response.

Cell type Fungal pathogen Macrophage responses experimental approaches

Alveolar 
macrophages

C. neoformans Take up spores which are opsonized by complement and 
antibodies through CR3 and Fcγ receptors (33, 34) mediated by 
S1PR2 (35)

Stimulating adherent murine bronchoalveolar lavage (BAL) cells 
in tissue culture (35)

Produce TNFα, CXCL1, CXCL2, CCL2, and IL-1β (36) Stimulating adherent murine BAL cells in tissue culture (36)

A. fumigatus Trap A. fumigatus conidia by pseudopods and take up conidia in 
actin-dependent manner (37)

Stimulating MH-S murine AM cell line in tissue culture (38)

Kill A. fumigatus conidia through phagolysosome acidification (37) 
and production of reactive oxidant species (39)

Stimulating adherent murine BAL cells in tissue culture (39)

Bind and uptake A. fumigatus conidia through SP-A and SP-D 
(40)

Stimulating BAL cells from aspergillosis patients in tissue 
culture (40)

Detect cell wall β-1,3-glucans through Dectin-1 (41) and NOD2 
receptors (42)

Murine A. fumigatus pulmonary infection model: AMs identified 
as CD45+Ly6G− CD11c+ cells (41)

Induce proinflammatory cytokines and chemokines (38) Stimulating MH-S cell line and adherent murine BAL cells in 
tissue culture (38)

Microglia C. albicans Detect cell wall β-glucan through Dectin-1 and activate Syk, Vav1, 
and PI3K (43) required for phagocytosis (44), and superoxide 
production (45)

Stimulating murine microglia primary cell culture and BV-2 
microglial cell line (43)

Increase CD11b expression and change morphology (46) Invasive murine candidiasis model: evaluating MHC-II+Iba1+ 
microglia in situ or CD45+CD11b+MHC-II+ microglia by flow 
cytometry (46)

C. neoformans Produce chemokines, MCP-1, MIP-1α, and MIP-1β through FcR-
mediated activation by antibody-bound C. neoformans (47)

Stimulating human fetal microglia cells with C. neoformans and 
antifungal antibodies in tissue culture (47)

Require IFNγ or LPS priming to eliminate C. neoformans through 
nitric oxide production (48)

Stimulating BV-2 microglial cell line (48)

A. fumigatus Require complement system for phagocytosis of A. fumigatus 
conidia (49, 50)

Stimulating human primary microglia in tissue culture (50)

Kidney 
macrophages

C. albicans Internalize conidia and pseudohyphae (29) Invasive murine candidiasis model: evaluating CX3CR1+ renal 
macrophages in situ (29)

Produce chemokines, CXCL1, and CXCL2 (25) Invasive murine candidiasis model: evaluating 
SSCloCD45+Ly6G−CD11b+F4/80hi renal macrophages by flow 
cytometry (25)
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conidia in an actin-dependent manner (37, 60). Although 
neutrophils are the main population involved in complement-
dependent opsonization, phagocytosis, and killing of the fungi 
(61, 62), AMs can also kill internalized A. fumigatus conidia by 
detection of conidia swelling and the endosome–phagosome 
fusion, resulting in acidification of the organelles (37). Activation 
of NADPH oxidase in AMs was also reported (39), suggesting 
AMs to gain an “M1” phenotype. Alternatively, another study 
showed that A. fumigatus infection promotes AMs to gain an 
alternative activated macrophage phenotype, or also known as 
the M2 phenotype, based on upregulation of M2 macrophage 
markers, such as gene transcripts encoding arginase-1 (Arg1), 
Ym1, and CD206 (63). Interestingly, the study did not observe 
the induction of Nos2, a major M1 macrophage marker (63). It 
was suggested that Arg1-expressing AMs potentially deprive 
L-arginine, a substrate of arginase. Since L-arginine is an essen-
tial nutrient source of fungi, the expression of Arg1 may result 
in inhibiting fungal growth through arginine deprivation (63). 
These studies suggested the presence of multiple mechanisms by 
which AMs protects hosts from fungal infections.

Failure in the initial clearance of invaded fungi allows them 
to take advantage of the humid and nutrient-rich milieu in the 

lung to disseminate. As the next layer to contain fungal dissemi-
nation, inflammatory neutrophils and monocytes need to be 
recruited in the lung. Here, it is possible that AMs play a sentinel 
role to recruit such inflammatory cells by secreting cytokines 
and chemokines to fight against fungi. For example, dectin-1 on 
AMs detects β-glucans on the fungal cell surface (41, 64) and 
stimulates the production of proinflammatory cytokines TNFα, 
IL-6, and IL-18 (65). Intracellular receptor NOD2 in AMs can 
also induce the synthesis of cytokines, such as IL-12, IFN-γ, 
GM-CSF, CCL2/MCP-1, CXCL2/MIP-2, and CXCL1/KC (38, 
42). It is of note that the majority of these studies on cytokine 
and chemokine expression were performed with isolated AMs 
or cell lines in tissue culture. Thus, in vivo protein expression 
patterns of AMs to A. fumigatus and C. neoformans infections 
need to be studied.

Neutrophil chemoattractants, such as CXCL1 and CXCL2, 
have a great impact on the host protection from A. fumigatus 
infection (66, 67), and the main source of the chemoattractants 
in A. fumigatus infection was reported to be epithelial cells, 
rather than AMs (68). Indeed, AM depletion by clodronate 
does not alter neutrophil recruitment and host mortality in 
pulmonary A. fumigatus infection (69). Thus, a role of AMs in 
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A. fumigatus may be minor. In contrast in C. neoformans infec-
tion, AMs highly express CXCL1 and CXCL2, as well as TNFα 
(36), but C. neoformans can survive in AMs and contribute to 
latent infection (70). However, it is puzzling that depletion of 
AMs and DCs “together,” by using CD11c-DTR mice (AMs and 
DCs are CD11c positive), resulted in more neutrophil infiltration 
in the lung 4 days after C. neoformans infection and enhanced 
mortality with severe lung inflammation (71). Although it is not 
clear which cell type, DCs, or AMs, is dominant in inhibiting 
neutrophil recruitment in the lung, questions that can be brought 
up are how DCs and/or AMs inhibit neutrophil recruitment and 
whether the inhibition occurs only under some conditions. Since 
it is technically difficult to deplete AMs alone, we still need to 
wait to understand if and how AMs are detrimental or protective 
in fungal infections.

Central nervous System (CnS)—Microglia
Fungal infections in the CNS are usually secondary to infections 
in peripheral tissues. Yet, once fungal pathogens reach to the CNS, 
it can be fatal to hosts. Some species of Candida, Cryptococcus, 
and Aspergillus can cause life-threatening CNS infections in 
immunocompromised patients (72–74). Microglia reside in 
the CNS parenchyma and are poised to provide the first line of 
defense against invading pathogens. Through the expression of 
various pattern-recognition receptors, microglia can recognize a 
wide range of pathogens that colonize the CNS (75, 76). In this 
section, we discuss responses of microglia during CNS infection 
by these fungi.

Candida albicans commonly colonizes the mucocutaneous 
locations in the host, and can also invade the bloodstream to cause 
systemic candidiasis. Innate immunity is the dominant protective 
mechanism against disseminated candidiasis. Microglia detect 
β-glucans through dectin-1, resulting in phosphorylation of Syk 
(43), and activation of Vav1 and PI3K, which are required for 
phagocytosis and superoxide production (45). However, dectin-1 
stimulation alone is not sufficient for microglia to induce cytokines 
or chemokine production (43). This suggests a unique mechanism 
of dectin-1 signaling in microglia distinct from other types of 
TRMs and MDMs, in which dectin-1 signaling is sufficient for 
production of cytokines and chemokines. Microglia are also 
found in the retina and activated by invasive candidiasis, resulting 
in enhanced expression of cell surface CD11b, and morphological 
change (46), as well as phagocytosis of C. albicans conidia through 
dectin-1 activation (44).

In contrast to Candida, C. neoformans spores are not effectively 
cleared by microglia. Thus, microglia require other immune cells 
and mechanisms to effectively combat C. neoformans infection 
in the CNS (77, 78). Opsonization of C. neoformans spores by 
antibodies plays a critical role in the induction of cytokine and 
chemokine expression in microglia (48). For example, opsoniz-
ing antibodies induce microglial expression of chemokines, such 
as CCL2/MCP-1, CCL3/MIP-1α, and CCL4/MIP-1β, but the 
response is also known to be inhibited by cryptococcal capsular 
polysaccharides (47). In addition to antibodies, LPS and IFNγ 
promote the killing of opsonized and unopsonized C. neoformans 
by augmenting nitric oxide production without inducing phago-
cytosis in a microglial cell line (48). Another study showed that 

IFNγ is required for enhanced anticryptococcal responses when 
microglia are activated by intracranial injection of IL-2 and a 
CD40 agonistic antibody (79). Taken together, IFNγ appears to 
be critical for microglia to respond to C. neoformans.

Aspergillus fumigatus also causes meningitis, but little is 
known about responses of microglia to A. fumigatus. One study 
showed that CR3 expression of microglia is reduced by an A. 
fumigatus-derived protease, resulting in a significant decrease 
in phagocytosis by primary human microglia (49). The high 
frequency of host mortality by cerebral aspergillosis suggests that 
antifungal responses of microglia are not efficient, although it 
might be possible that IFNγ also enhances the response against 
Aspergillus by microglia.

Taken together, these studies suggest that microglia are not 
efficient in fungal clearance. Although it is not clear why microglia 
are not effective cells among the MPS, the specific microenviron-
ment of the CNS, which is known as an immune-privileged site, 
may be involved in shaping the character of microglia. The CNS is 
isolated from other peripheral organs because it is separated from 
blood circulation by the blood–brain barrier. The physical separa-
tion of the CNS from the immune system in the rest of organs, 
at least in part, may contribute to the specific development and 
functions of microglia, distinct from the rest of TRMs.

Kidney—Renal Macrophages
In healthy kidneys, immune cells are rarely found except for resi-
dent DCs and macrophages (80). Renal macrophages are found 
in the tubulointerstitium (81), a compartment of the kidney 
bounded by the vasculature and nephrons, and comprising about 
80% of kidney volume (80). Renal macrophages in adult mice 
are largely derived from fetal liver monocytes (11, 82) and have 
been extensively studied due to their involvement in immune 
homeostasis (83–85) and host defense against infections (29, 86).

The kidney is a main target organ in murine systemic can-
didiasis (87, 88), but not necessarily a primary target in human 
systemic candidiasis (89). Nevertheless, host resistance heavily 
depends on the immune system in the kidney. For example, renal 
macrophages, as well as possibly splenic and liver macrophage, 
are considered to be protective in host defense against Candida 
(29, 87, 90). CX3CR1-deficient mice are susceptible to Candida 
infection, possibly due to reduced numbers of kidney-resident 
and -infiltrated macrophages (91). As early as 2 h after Candida 
infection, renal macrophages elicit their protective responses by 
internalizing conidia and encasing pseudohyphal elements (91). 
In addition to their phagocytic ability, renal macrophages isolated 
from naïve mice are shown to kill Candida conidia in tissue cul-
ture (91). Besides their endogenous fungal-killing ability, kidney 
F4/80hi macrophages also recruit neutrophils by secreting high 
levels of chemokine CXCL2 in the first 24 h of systemic Candida 
infection in an autophagy-dependent manner (25), indeed playing 
a role as immune sentinels. In summary, kidney macrophages are 
important players in fungal clearance in murine candidiasis model.

CLOSinG ReMARKS

Our knowledge on TRMs identities and functions has been 
greatly expanded in the last decade. Depending on the physical 
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locations and fungal pathogens, TRMs respond in different ways. 
Tissue-specific factors may also have impacts on the antifungal 
outcome of TRMs. However, there are still many unanswered 
questions and technical hurdles to further advance the field. Here, 
we close our discussion with six questions.

(A) Do the functions of TRMs from various organs share some-
thing in common? Because TRMs are shaped by tissue-specific 
environments to acquire unique intracellular gene expression 
profile and assisted by tissue factors to enhance their antifungal 
response, previous studies have focused on the dissimilarity 
among TRMs from various organs. Yet, all TRMs are expected 
to play a similar role in maintaining immune surveillance and 
behaving as sentinels when infections occur. Thus, despite their 
organ-specific environments, TRMs could potentially share some 
functions, particularly as sentinels during infections. (B) To which 
extent can result from tissue culture experiments be applied to 
TRMs’ functions in vivo? Majority of functional studies on TRMs 
have been performed in tissue culture or even with cell lines. It 
is not clear if ex vivo behaviors of TRMs reflect those in  vivo. 
(C) Do human TRMs behave similarly to murine TRMs? Due to 
the technical limits to isolate TRMs from humans, a majority of 
TRM studies have been carried out by using animals. Therefore, 
it is again not clear if and to what extent TRMs from human and 
murine share similar responses. (D) Are TRMs involved in allow-
ing fungi to switch from commensal/non-pathogenic to pathogenic? 
TRMs’ involvement in the switching might be possible because 
of the localization of TRMs in tissues where commensal fungi 

are homed. (E) Are TRMs heterogeneous if they are within a single 
organ? For example, the presence of microglia subsets has been 
identified (92, 93). It is intriguing to explore possible cellular 
subsets within TRMs in a single tissue and their possibly distinct 
functions. To answer the question, new technologies, such as 
single-cell sequencing or CyTOF would be very powerful tools 
to answer the question. (F) How can we “specifically” deplete a 
certain TRM population? One of the most significant technical 
challenges in studying TRMs may be depleting a certain popula-
tion of TRMs. Clodronate-liposome is used to deplete TRMs, but 
it is not specific depletion. There are genetically modified mice 
and antagonists of certain receptors used to particularly deplete 
microglia. However, what is the best method to deplete AMs or 
Kupffer cells, for example? These are at least several questions 
and challenges to overcome to better understand TRMs in fungal 
infections and even other pathogenic conditions.
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Interaction of the human monocytic cell line, THP-1 with clinical isolates of three 
Curvularia species were examined. Members of this filamentous fungal genus can cause 
deep mycoses emerging in both immunocompromised and immunocompetent patients. 
It was found that monocytes reacted only to the hyphal form of Curvularia lunata. Cells 
attached to the germ tubes and hyphae and production of elevated levels of interleukin 
(IL)-8 and IL-10 and a low level of TNF-α were measured. At the same time, monocytes 
failed to produce IL-6. This monocytic response, especially with the induction of the 
anti-inflammatory IL-10, correlates well to the observation that C. lunata frequently 
cause chronic infections even in immunocompetent persons. Despite the attachment to 
the hyphae, monocytes could not reduce the viability of the fungus and the significant 
decrease in the relative transcript level of HLA-DRA assumes the lack of antigen presen-
tation of the fungus by this cell type. C. spicifera and C. hawaiiensis failed to induce the 
gathering of the cells or the production of any analyzed cytokines. Monocytes did not 
recognize conidia of Curvularia species, even when melanin was lacking in their cell wall.

Keywords: Curvularia, monocyte, invasive mycosis, melanin, quantitative reverse transcription Pcr, elisa, 
interleukin-10

inTrODUcTiOn

Members of the ascomycete genus, Curvularia includes primarily saprotrophic and plant pathogenic 
filamentous fungi. Some of them, such as Curvularia lunata, C. hawaiiensis, and C. spicifera, however, 
are also considered as emerging agents of local and invasive human phaeohyphomycoses (1), i.e., 
infections caused by melanin producing molds. Curvularia species are frequently reported as agents 
of allergic fungal sinusitis and bronchopulmonary disease (2–4) but they can also be associated with 
mycotic keratitis (5, 6), cutaneous and subcutaneous mycoses (7, 8), and infections of the central 
nervous system (2, 9). Deep and disseminated Curvularia infections have been described in both 
immunocompromised and immunocompetent patients (4, 10–13). Increasing prevalence of these 
infections has been reported during recent years (4, 14, 15). Despite that Curvularia species are 
among the most common dematiaceous fungi isolated from clinical samples (16), experimental data 
concerning the background of their pathogenicity and interactions with the host are very limited (2).

Human monocytes are circulating cells of innate immunity that can further differentiate into 
macrophages or dendritic cells and capable of phagocytoses, cytokine production, and antigen 
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Table 1 | TaqMan probe details (Applied Biosystems) used in the qRT-PCR 
analyses.

Target gene TaqMan assay iD

18S rDNA Hs99999901_s1
IL10 Hs00961522_m1
IL6 Hs00174131_m1
IL8 Hs00174103_m1
TNFA Hs00174128_m1
NLRC3 Hs01054716_m1
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presentation. They play a pivotal role in the host response to 
fungal infections and their activity against the conidia, germlings, 
and hyphae of Aspergillus fumigatus was proven and analyzed 
previously (17, 18).

THP-1 is a human monocytic cell line isolated from a patient 
with acute monocytic leukemia. This cell line can be differenti-
ated into macrophages and are widely used to study monocyte 
and macrophage functions and in immune modulation studies 
(19). For example, THP-1 monocytes treated with LPS, showed 
altered expression of several inflammation related genes, such 
as IL1B, IL6, IL8, IL10, and TNFA (19, 20). Several studies have 
compared the responses of THP-1 monocytes and human periph-
eral blood mononuclear cell derived monocytes to a variety of 
stimuli and the two cell types showed relatively similar response 
patterns in most cases (19). THP-1 monocytes and macrophages 
has also been used successfully as in  vitro models to examine 
host–pathogen interactions for various fungal agents, such as  
A. fumigatus (18, 21–23), Candida albicans (24), Candida glabrata 
(25), and Cryptococcus neoformans (26).

In this study, interactions of THP-1 monocytes with conidia 
and hyphae of three fungal strains representing C. hawaiiensis, 
C. lunata, and C. spicifera were analyzed to get a first insight 
into the host response to Curvularia species. For comparison, an  
A. fumigatus strain from a clinical origin was also involved in 
the study.

MaTerials anD MeThODs

Fungal strains, culture conditions, and 
inoculum Preparation
Curvularia lunata SZMC 23759 and C. spicifera SZMC 13064,  
A. fumigatus SZMC 23245 isolated from human eye infections 
and C. hawaiiensis CBS 103.97 isolated from human sinusitis 
with ophthalmic and cerebral involvement were used in the 
study. Strains were grown on potato dextrose agar (PDA; VWR 
International) at room temperature. To block melanin synthesis, 
PDA was supplemented with 20  µg/ml tricyclazole (Sigma-
Aldrich) and 1% of agar (Merck). For the interaction studies, 
conidial suspensions (105  conidia/ml) were prepared in phos-
phate buffer saline (PBS; 137  mM NaCl, 2.7  mM KCl, 10  mM 
Na2HPO4, 2 mM KH2PO4, pH 7.4) by washing the conidia from 
14 and 7 days old fungal cultures in case of the Curvularia strains 
and the Aspergillus strain, respectively. To get rid of hyphal debris, 
spore suspensions were filtered through a filter paper with a pore 
size of 45 µm (Millipore). Heat inactivation of the conidia was 
performed at 125°C for 25 min.

culturing and infection of the ThP-1 cells
THP-1 cells were maintained in RPMI 1640 medium (Gibco) 
supplemented with 10% (v/v) heat inactivated fetal bovine serum 
(FBS; Gibco) and 1% (v/v) antibiotic/antimycotic solution con-
taining 10,000 U/ml of penicillin, 10,000 µg/ml of streptomycin 
and 25 µg/ml of Amphotericin B (Gibco) at 37°C in a humidified 
incubator with 5% CO2. For interaction studies, THP-1 cells 
(105 cells/ml) were placed on 6-well or 12-well cell culture plates 
with flat bottoms (Sarstedt) in 3 or 1  ml RPMI 1640 medium 

supplemented with 10% heat inactivated FBS and without antibi-
otic the day before infection, respectively.

Number of the Curvularia conidia and cells were set to main-
tain an effector (THP-1) to target (conidia) (E:T) ratio of 20:1, 
while for A. fumigatus E:T ratio was 20:1 or 1:2. Because of the 
small size of the conidia of A. fumigatus, an E:T ratio of 1:2 proved 
to be optimal for this fungus in agreement with the literature data 
(18). For the Curvularia strains, we tested various E:T ratios and 
that of 20:1 proved to be applicable, mainly because of the large 
size and the relatively short germination time (approx. 1.5 h) of 
their conidia. Cells were incubated with or without the fungi at 
37°C in a humidified incubator with 5% CO2 for 3, 9, or 24 h. 
When monocytes were treated with lipopolysaccharide (LPS, 
Escherichia coli Q26:B6; Sigma-Aldrich), 1 µg/ml final concentra-
tion of LPS was used. Microscopic examination of the interactions 
was performed using a Leica DMI4000 B inverse microscope 
(Leica Microsystems). All experiments were performed in two 
technical and three biological replicates.

Phagocytosis assay
THP-1 cells (105  cells/ml) were seated on a 12-well plate one 
day before the experiment. Four hours before the assay, cells 
were stained with CellMask Deep Red Plasma Membrane stain 
(Thermo Scientific) in a 0.5-fold concentration for 15 min and 
washed twice with PBS. Conidia were stained with AlexaFluor 
488 carboxylic acid, succinimidyl ester (Thermo Scientific) for 
15 min and washed twice with PBS at 4°C to prevent germination. 
The E:T ratio was 1:2 or 20:1. For analysis, collected samples were 
centrifuged with 1,000 rpm for 15 min and resuspended in 200 µl 
PBS supplemented with 0.05% Tween-20 (Reanal). Interaction 
and phagocytosis were measured after 1 or 3 h using a FlowSight 
Imaging Flow Cytometer (Amnis) and evaluated with the IDEAS 
Software (Amnis).

real-time Quantitative reverse 
Transcription Pcr (qrT-Pcr) analysis
Total RNA was extracted from the THP-1 cells using the RNeasy 
Mini kit (Qiagen) according to the instructions of the manufac-
turer. The final elution volume was 20 µl. cDNA was synthesized 
using the SuperScript VILO Master Mix (Invitrogen) following 
the protocol of the manufacturer. qRT-PCR was carried out using 
StepOne Plus Real-Time PCR System (Applied Biosystems). 
Reactions were performed by either the TaqMan Gene expres-
sion Master Mix (Applied Biosystems) or the Sybr Select Master 
Mix (Applied Biosystems) using the probes and primers listed 
in Tables 1 and 2, respectively, according to the manufacturer’s 
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Table 2 | Primer pairs used in the qRT-PCR analyses.

Target gene Forward (5′–3′) primer reverse (5′–3′) primer Product length (bp)

CCR1 TCTACGCCTTCGTTGGTGAG TTTAACCAGGTGCACAGCCA 80

CCR2 TACCAACGAGAGCGGTGAAG GCATGTTGCCCACAAAACCA 149

CCR5 TTACTGTCCCCTTCTGGGCT AAGCAAACACAGCATGGACG 168

CXCR2 TTTCGCCATGGACTCCTCAA GTAGTGGAAGTGTGCCCTGA 116

IL1B AGCTGGAGAGTGTAGATCCCAA GGGAACTGGGCAGACTCAAA 112

ITGAL GCAAGGACATACCGCCCAT TACTCAGGCTCAGCTCCACA 186

ITGAM AGTCTGCCTCCATGTCCAGAA CTGCGTGTGCTGTTCTTTGTC 144

ITGAX AGTCTGCCTCCATGTCCAGAA CTGCGTGTGCTGTTCTTTGTC 103

HLADRA CCGATCACCAATGTACCTCCA CGAAGCCACGTGACATTGAC 128
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protocols. Relative transcript levels were calculated with the ΔΔCT 
(2−ΔΔCt) method (27) using a fragment of the 18S rRNA coding 
gene for normalization. All measurements were performed in two 
technical and three biological replicates.

cytokine assays
To confirm the cytokine concentrations in the culture superna-
tants, DuoSet ELISA Kits (R&D Systems) were used for tumor 
necrosis factor alpha (TNF-α), interleukin (IL)-6, and IL-8 
according to the instructions of the manufacturer. To measure the 
IL-10 level, the Human IL-10 ELISA kit (Immunotools) was used. 
Cytokine titers were calculated by reference to standard curves 
generated by the four parameters logistic curve-fit method.

Viability Test
To measure the hyphal damage after the incubation with 
monocytes, a colorimetric assay using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) 
was performed (28) on 12-well culture plates. After incuba-
tion for 3, 6, or 24 h, monocytes were lysed with 0.5% sodium 
deoxycholate (Sigma-Aldrich) and the wells were washed three 
times with PBS. Then, 1 ml RPMI 1640 supplemented with 1% 
MTT was added to the wells and the plates were incubated at 
37°C, under 5% CO2 concentration for 3 h. After removing the 
supernatant, wells were washed two times with PBS and stored at 
−20°C overnight. Before detection, 1 ml acidic isopropanol (95% 
isopropanol and 5% 1 N HCl) was added into the wells and the 
plates were incubated until the blue color dissolved from hyphae. 
Absorbance of the supernatant was measured at the wavelength 
of 550 nm using a spectrophotometer (Spectrostar Nano, BMG 
Labtech). Viability of the hyphae was calculated using the follow-
ing formula, where OD550 sample was the absorbance measured 
for the hyphae incubated with monocytes and OD550 control 
was the absorbance measured for the hyphae incubated without 
monocytes: Viability

 sample

 control
= ×









OD

OD

550

550
100.

statistical analysis
All measurements were performed in at least two technical and 
three biological replicates. Significance was calculated with paired 
t-test using Microsoft Excel of the Microsoft Office package.  
P values less than 0.05 were considered statistically significant.

resUlTs

ThP-1 cells Do not Phagocytose 
Curvularia spp. conidia and hyphae
THP-1 cells were confronted with C. lunata, C. hawaiiensis, and C. 
spicifera by co-incubating heat inactivated or living conidia with 
the monocytes. Interactions were analyzed after 3 and 24 h of con-
frontation. In case of the living conidia, germination was already 
in progress and germ tubes were developed at 3 h postinoculation 
(Figures  1A,B) while branching hyphae were present at 24  h 
postinoculation (Figures  1A,B). Microscopic analysis revealed 
that the monocytes were not able to phagocytose the conidia of 
any tested strains; moreover, they did not attract to them at all 
(Figures 1A,B). The absence of the monocytic response did not 
depend on the melanin content as it also missed in case of those 
conidia of C. lunata where the melanin biosynthesis had been 
previously blocked. At the same time, THP-1 cells aggregated 
around and attached to the hyphae of C. lunata (Figures 1C,D). 
However, monocytes did not block the germination of the conidia 
and MTT assay did not detect hyphal damage in the tested 
Curvularia strains (Figure 2). For comparison, MTT assay was 
also performed with A. fumigatus under the same co-incubation 
conditions. In this case, viability of the hyphae decreased to 12.9% 
after 24 h of interaction with the THP-1 cells.

For quantification and a more detailed analysis, phagocy-
tosis was also examined by imaging flow cytometry in case 
of C. lunata and A. fumigatus (Figure 3). THP-1 cells actively 
phagocytosed the living conidia of A. fumigatus already at 1 h 
after their confrontation; the mean ratio of the phagocyting 
cells counted from three biological replicates was found to be 
2.4 (±0.4)% and 20.7 (±2.5)% at E:T ratios of 20:1 (Figure 3C) 
and 1:2 (Figure 3B), respectively. At the same time, the number 
of interacting cells and conidia proved to be insignificant in the 
case of C. lunata. Only 0.12 (±0.1)% of the monocytes were 
attached to or ingesting the conidia at 1 h after the start of the 
interaction (the E:T ratio was 20:1). Similar values were meas-
ured for heat inactivated and melanin blocked conidia, 0.35 
(±0.2)% and 0.69 (±0.1)% after 1 h of interaction, respectively. 
Image analysis revealed that majority of these small numbers of 
interactions detected by flow cytometry was only attachment 
of the monocytes to the conidia instead of real phagocytosis 
(Figure 3A).
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FigUre 2 | Cell viability (MTT) assay of the three Curvularia strains incubated 
together with THP-1 monocytes for 3 and 24 h. Results are presented as 
averages of three independent experiments; error bars represent SDs.

FigUre 1 | Interaction of THP-1 monocytes with Curvularia lunata. Light micrographs were taken at 3 [panels (a,b)] and 24 h [panels (c,D)] postinoculation; the 
E:T ratio was 20:1.

Tóth et al. Interaction of THP-1 Cells with Curvularia Strains

Frontiers in Immunology | www.frontiersin.org October 2017 | Volume 8 | Article 1369

qrT-Pcr analysis of immune-relevant 
genes induced by germinating conidia 
and hyphae of Curvularia species
Three and 24  h after the infection of THP-1 monocytes with 
conidia, cells were harvested and the relative transcript level of 
certain activation related and cytokine or chemokine coding 
genes were measured. Significant changes were not detected in 
the transcription of the genes encoding the chemokine receptors 
CCR5 (C-C chemokine receptor type 5), CXCR2 (IL-8 receptor, 
beta) and the cytokine IL-6 at both tested times in any interactions. 
Decreased relative transcript levels were detected for the genes of 
the chemokine receptors CCR1 (C-C chemokine receptor type 1) 
and CCR2 (C-C chemokine receptor type 2) after 24-h interaction 

with the tested Curvularia strains (Figure 4). Similarly, slightly 
decreased transcript levels were measured for the genes encod-
ing the adhesion molecules ITGAL (integrin subunit alpha L),  
ITGAM (integrin subunit alpha M) and ITGAX (integrin subunit 
alpha X) after 24 h of co-incubation. In case of the gene encod-
ing IL-1β, NLRC3 (NLR family CARD domain containing 3) 
either no significant changes in the transcription or decreased 
transcript levels were detected after 24 h of interaction (Figure 4). 
Transcription of gene of HLA-DRA (HLA class II histocompat-
ibility antigen, DR alpha chain) showed significant reduction in 
case of C. lunata. Increased transcription of the gene encoding 
TNF-α was observed in response to all tested strains after both 3 
and 24 h (Figure 4). A trend for increased transcript levels was 
detected for the genes of IL-8 and IL-10 but significant changes 
were detected only in interactions with certain strains (i.e., with 
C. spicifera for IL-8 and with C. hawaiiensis and C. spicifera for 
IL-10) (Figure 4).

In case of A. fumigatus, transcript levels were measured 
after 3, 9, and 24 h of interaction, because this fungus starts to 
germinate at about 7 h after inoculation. In accordance with the 
literature data (18), conidia did not induce the transcription of 
IL6, IL8, IL10, and TNFA while significantly increased relative 
transcript levels were measured for TNFA after 9 h of interaction 
(67.66 ± 10.9) and IL8 at 9 (8.86 ± 0.73) and 24 h (24.03 ± 2.93) 
(see Figure S1 in Supplementary Material).

As control, THP-1 cells were also stimulated with LPS and 
the relative transcript levels of IL1b, IL6, IL8, IL10, TNFA, CCR1, 
and CCR2 were measured as above. As expected, all tested genes 
showed significantly altered expression after LPS treatment. 
Expression of IL1b, IL6, IL8, IL10, and TNFA was induced showing 
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FigUre 3 | Phagocytosis of Curvularia lunata (a) and Aspergillus fumigatus (b,c) conidia by THP-1 monocytes. THP-1 cells and conidia were stained with 
CellMask Deep Red Plasma Membrane Stain and Alexa Fluor 488 carboxylic acid, succinimidyl ester, respectively. Number of the Curvularia conidia and cells were 
set to maintain an E:T ratio of 20:1 (a), while for A. fumigatus E:T ratio was 1:2 (b) or 20:1 (c). Monocytes were identified by detecting fluorescence intensity on 
channel 11 (Intensity_MC_CH_11) while channel 2 (Intensity_MC_CH_2) was used to detect the conidia. Cells and conidia were co-incubated for 1 h. Fluorescent 
micrographs showing conidia (green border) and THP-1 cells alone (red border) and in interaction (i.e., phagocytosis or attachment) (yellow border) were recorded 
during the imaging flow cytometry.

FigUre 4 | Relative transcript levels of pro- and anti-inflammatory cytokines, activation and antigen presentation related genes. THP-1 monocytes were confronted 
with Curvularia strains for 3 and 24 h. After total RNA extraction from the monocytes, cDNA synthesis, and quantitative reverse transcription PCR were carried out. 
Relative transcript levels were calculated by the 2−ΔΔCt method. Presented values are averages of the results of three independent experiments; error bars represent 
SDs. Relative transcript values followed by * significantly differed from the control (taken as 1), according to the paired t-test (p < 0.05).
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significantly increased relative transcript levels compared to the 
untreated control, in contrast, relative transcript levels of CCR1 
and CCR2 were found to be significantly decreased (see Figure S2 
in Supplementary Material).

il-6, il-8, il-10, and TnF-α Production in 
response to germinating conidia and 
hyphae of Curvularia species
In agreement with the results of the transcription analysis, no 
significant IL-6 production was observed in all interactions 
(Figure  5). In response to C. lunata, THP-1 cells showed sig-
nificant IL-8 (340 pg/ml) and IL-10 (318 pg/ml) production after 
24 h of interaction (Figure 5). Confronting with A. fumigatus, 
monocytes displayed similar IL-8 production (376  pg/ml) but 
only a low amount of IL-10 (43 pg/ml) could be detected. Infection 
with the other two Curvularia strains did not cause significant 
change in the IL-8 and IL-10 level. In case of C. lunata, a moderate 
increase in the TNF-α level (45 pg/ml) was also measured at 24 h 
postinoculation (Figure 5).

response of ThP-1 cells to the conidia of 
C. lunata
Response of monocytes to non-germinating and germinating 
conidia were compared in case of C. lunata. In this experiment, 

activation of cytokine and chemotactic genes and cytokine 
production was analyzed by qRT-PCR and ELISA assays, respec-
tively, after interactions of THP-1 cells with heat inactivated 
conidia (see Figures S3 and S4 in Supplementary Material). As 
melanin content may hamper the monocyte response, non-
melanized and heat inactivated conidia, which were harvested 
after blocking the melanin biosynthesis during cultivation, were 
also tested. Compared to the germinating conidia and hyphae 
(Figures 4 and 5), presence of heat inactivated conidia, either 
melanized or non-melanized, did not affect the transcription of 
the examined genes and the production of any tested cytokines 
suggesting that only the germ tubes and the hyphae are able to 
activate the monocytes (Figures S3 and S4 in Supplementary 
Material).

DiscUssiOn

Considering that activation of the innate immune system has 
a crucial role in recognition and control of filamentous fungal 
infections (18), present study was carried out to obtain informa-
tion about the response of monocytic cell line THP-1 to the 
dematiaceous fungus C. lunata and related species.

THP-1 monocytes were not able to phagocytose the large and 
melanized conidia of any tested Curvularia species. Despite the 
lack of attraction to the conidia, monocytes recognized C. lunata, 

FigUre 5 | Quantity of produced pro- and anti-inflammatory cytokines (pg/ml) after interaction with Curvularia strains for 3 and 24 h. THP-1 cells were interacted 
with the fungal conidia in an E:T ratio of 20:1. In case of the control, monocytes were incubated without the fungi. Concentrations of IL-6, IL-8, IL-10, and TNF-α in 
the culture supernatant were measured by ELISA. Cytokine titers were calculated by reference to standard curves generated by the four parameters logistic curve-fit 
method. Results are presented as averages from three independent experiments; error bars represent SDs.
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but not C. hawaiiensis and C. spicifera, and preferably attached 
to the hyphae. In contrast to the Curvularia conidia, those of 
A. fumigatus were actively phagocytosed by the THP-1 cells in 
agreement with the results of previous studies (18). Different cell 
wall composition and highly distinct size of their conidia can 
explain this different affinity of the monocytes to the Curvularia 
and Aspergillus conidia. Although there are no available data 
about the response of monocytes to any similar dematiaceous 
mold, there are a few studies discussing the interaction of these 
fungi with other cell types. Recently, Reedy et al. (29) found that 
macrophages could not phagocytose the conidia of Exserohilum 
rostratum, another dematiaceous mold related to Curvularia. 
At the same time, macrophages also showed an attraction and 
attachment to the hyphae of Exserohilum. The different affinity 
of macrophages to the conidia and the hyphae was explained 
by the possibly different polysaccharide composition of the cell 
walls (29). Besides phagocytosis, only touching and dragging of 
the fungal cells, conidia and hyphal elements by macrophages to 
prevent the spread of the fungus into the different tissues was 
proven in cases of A. fumigatus and C. albicans (30).

Melanin is present in the cell wall of a wide range of fungal 
pathogens. Like Aspergilli, Curvularia species produce dihydrox-
ynaphthalene-type melanin (DHN-melanin) (16). Melanin is gen-
erally considered as a virulence factor having role in the prevention 
of the immune recognition by masking the pathogen-associated 
molecular patterns on the surface of the conidia, as it was found 
in A. fumigatus (31–33). However, in our experiments, there was 
no difference in the response of monocytes to melanized and non-
melanized conidia of C. lunata indicating that melanin content 
of the conidia has no significant effect on the recognition of this 
fungus by the THP-1 cells. Previously, comparison of killing rates 
of numerous dematiaceous yeasts by human neutrophils suggested 
that only melanization is not sufficient to assure the virulence (34).

MTT assay indicated that THP-1 cells did not damage signifi-
cantly the Curvularia strains. Similarly, macrophages could not 
inhibit conidial germination and hyphal growth of E. rostratum 
(29). At the same time, THP-1 cells effectively decreased the 
viability of A. fumigatus during their interaction, as expected 
based on previous studies (20).

Transcription of immune-relevant genes of the monocytes 
during interaction with C. lunata, C. hawaiiensis and C. spicifera 
was examined by qRT-PCR analysis. A decrease in the tran-
scription of the gene encoding CCR2, which is downregulated 
during monocytic differentiation (35), suggests the activation of 
THP-1 cells in response to C. spicifera. However, the unaltered 
or decreased expression of most tested genes, such as those 
encoding IL-6, IL-1β, CCR1, ITGAL, ITGAM, and ITGAX, 
suggests that Curvularia hyphae induce a moderate response in 
this cell type. After confrontation with C. lunata, transcription of 
HLA-DRA was significantly downregulated, assuming the lack of 
antigen presentation by monocytes despite of the attachment to 
the hyphae. In case of A. fumigatus, it was previously found that 
phagocytosis of the conidia did not induce the immediate expres-
sion of cytokine and chemokine genes in THP-1, which were 
activated only in the presence of the hyphae (18, 36). Similarly, we 
detected the induction of certain immune-relevant genes at 9 h 
postinoculation when the hyphae formation had already started.

In addition to the transcription analysis, production of cer-
tain cytokine proteins was measured after confrontation with the 
examined Curvularia strains. To the hyphae of C. lunata, THP-1 
cells responded with intense IL-8 and IL-10 and moderate TNF-
α production while they failed to produce IL-6. The chemokine 
IL-8 or CXCL8 is known to be involved in the immune response 
to fungal pathogens and it has a primary role in recruiting neutro-
phils to the site of infection (37, 38). IL-8 production and release 
by monocytes (including THP-1 cells) in response to confronta-
tion with A. fumigatus is well documented by several studies 
(17, 18, 22). The low levels of the pro-inflammatory cytokines 
after interaction with Curvularia strains is somewhat surprising. 
These cytokines are involved in the effective immunity to fungal 
infections and their role has been studied and proven among 
others in response to C. albicans, A. fumigatus, and C. neoformans 
(37). In case of C. lunata, this situation can be partly explained 
by the high expression of the anti-inflammatory cytokine IL-10, 
which can repress pro-inflammatory responses and can inhibit 
the production of TNF-α, IL-6, and even IL-8 (39–41). In case 
of the THP-1 cells confronted with the A. fumigatus strain 
involved for comparison, this relatively high IL-10 production 
was not detected. Induction of IL-10 production in monocytes 
correlates well to that Curvularia strains and especially C. lunata 
can cause chronic infections even in immunocompetent persons 
(4) and are among the most frequent agents of allergic sinusitis 
and allergic bronchopulmonary disease (2, 4). It is known that 
certain pathogenic organisms possess mechanisms to modulate 
the immune response by enhancing IL-10 production and/
or exploit the anti-inflammatory properties of IL-10 for their 
survival (42, 43). In the cases of Histoplasma capsulatum and  
C. albicans, the absence of IL-10 expression led to enhanced 
clearance of the fungi (44–46). Similarly, increased levels of 
serum IL-10 due to single nucleotide polymorphism in the IL10 
gene is associated with an increased susceptibility to A. fumiga-
tus colonization and allergic bronchopulmonary aspergillosis 
(47). Despite the high IL-10 production, increased IL-8 level was 
measured after co-incubation with C. lunata that may suggest 
that neutrophils may have an important role in the immune 
response to this fungus as it was found in case of several other 
fungal species (33, 38). Interestingly, significantly increased 
relative transcript levels were measured for the genes encoding 
TNF-α and IL-10 in response to C. spicifera and C. hawaiiensis 
while secretion of these proteins by the monocytes could not be 
detected. Although the relative transcript level of IL8 showed 
similar values as in case of C. lunata, there was no significant 
increase in protein release either. Considering that secretion of 
IL-10 and IL-8 is regulated primarily at a transcriptional level 
(48, 49), this is a surprising phenomenon. TNF-α production 
is regulated at a transcriptional and translational level as well 
(50, 51). Immune cells can display different attraction even to 
closely related fungal species. For example, different recognition 
of C. albicans and C. glabrata was observed by Netea et al. (52) 
and a distinct IL-1β release and ROS production of macrophages 
induced by C. albicans and C. parapsilosis (53). Aspergillus spe-
cies (i.e., A. fumigatus, A. flavus, A. niger, and A. terreus) also 
induced significantly different release of IL-6 and TNF-α by 
human monocytes (54).
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Paracoccidioides brasiliensis and Paracoccidioides lutzii are fungi causing

paracoccidioidomycosis (PCM), an autochthonous systemic mycosis found in

Latin America. These microorganisms contain a multitude of molecules that may

be associated with the complex interaction of the fungus with the host. Here, we identify

the enzyme dihydrolipoyl dehydrogenase (DLD) as an exoantigen from P. brasiliensis

(Pb18_Dld) by mass spectrometry. Interestingly, the DLD gene expression in yeast form

showed higher expression levels than those in mycelial form and transitional phases.

Pb18_Dld gene was cloned, and the recombinant protein (rPb18_Dld) was expressed

and purified for subsequent studies and production of antibodies. Immunogold labeling

and transmission electron microscopy revealed that the Pb18_Dld is also localized

in mitochondria and cytoplasm of P. brasiliensis. Moreover, when macrophages were

stimulated with rPb18Dld, there was an increase in the phagocytic and microbicidal

activity of these cells, as compared with non-stimulated cells. These findings suggest

that Pb18_Dld can be involved in the pathogen-host interaction, opening possibilities

for studies of this protein in PCM.

Keywords: Paracoccidioides brasiliensis, dihydrolipoyl dehydrogenase, exoantigen, subcellular localization,

microbicidal activity

INTRODUCTION

Paracoccidioidomycosis (PCM) is a chronic granulomatous mycosis caused by thermally
dimorphic fungi Paracoccidioides lutzii and P. brasiliensis, which contain a complex of at least four
different cryptic species, S1, PS2, PS3, and PS4 (Matute et al., 2006; Carrero et al., 2008; Teixeira
et al., 2009, 2014; Theodoro et al., 2012). PCM is the most important systemic mycosis in Latin
America with high prevalence in Brazil, Colombia, Argentina, and Venezuela. The mean annual
mortality rate is 1.65 permillion inhabitants, the highest for any systemicmycosis, making PCM the
eighth most important cause of mortality among chronic or recurrent infectious, parasitic diseases,
and infectious diseases in Brazil (Coutinho et al., 2002; Colombo et al., 2011; Bocca et al., 2013).
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Fungi of the genus Paracoccidioides are asexual and
dimorphic, growing as mycelial forms at 25◦C and as yeast form
at 37◦C (da Silva et al., 1994; de Almeida, 2005). Transformation
of the fungus frommycelia to yeast is responsible for establishing
the infectious process (Bagagli et al., 2008) as well as for the
initial interaction of the fungus with the immune system,
which determines the fate of the infecting forms. Secretion
of antimicrobial proteins by the pulmonary epithelium and
phagocytic activity of resident alveolar macrophages mediates
the initial response to infection (Calich et al., 2008). Infections
can stimulate different subsets of T cells and consequently
induce the production of distinct patterns of cytokines that are
responsible for the protection or susceptibility of the host to
pathogens (Della Bella et al., 2017), including fungal infections
(Calich and Kashino, 1998; Oliveira et al., 2002; Romani, 2004).

The ability of this pathogenic fungus to develop a multi-
faceted response to a wide variety of stressors found in the
host is extremely important for its virulence and pathogenesis.
Many of these extracellular molecules are secreted by or are
associated with the fungal wall (Casotto, 1990; Diniz et al.,
1999, 2001). Numerous proteins or glycoproteins that are
common to different strains of P. brasiliensis are secreted in
culture, and these are recognized, to varying degrees, by the
serum of the patients (Panunto-Castelo et al., 2003). The most
studied exoantigen (ExoAg) of P. brasiliensis is the 43-kDa
glycoprotein (gp43), which is a molecule involved in binding
of P. brasiliensis to the extracellular matrix and surface of
epithelial cells (Vicentini et al., 1994; Gesztesi et al., 1996).
More recently, Torres et al. (2013) showed that P. brasiliensis
cell lines in which gp43 was silenced were less internalized by
macrophages.

Some studies have been carried out in order to elucidate the
complex programs of gene expression that Paracoccidioides spp.
uses to survive when exposed to conditions similar to those
found in the host. Tavares et al. (2007) showed, for instance,
that P. brasiliensis regulates expression of 119 genes during
phagocytosis. These genes were first associated with glucose
and amino acid limitation, cell wall building, and oxidative
stress. Subsequent studies also elucidated the molecules involved
in the adaptation of the fungus. In addition to the activation
of enzymes involved in the defense against oxidative stress
(Derengowski et al., 2008; de Arruda Grossklaus et al., 2013;
Parente-Rocha et al., 2015), other metabolic modifications have
been suggested to occur in yeast cells, such as gluconeogenesis,
ethanol production, and degradation of fatty acids and amino
acids (Lima et al., 2014).

In this study, we aimed to identify the proteins that were
secreted/excreted by P. brasiliensis. We also attempted to evaluate
whether these molecules could have any association with the
phagocytosis and killing activity, contributing to the pathogenic
process. Although P. brasiliensis secretes a number of different
proteins into the basal medium, one protein in particular drew
our attention because it was present in high amount. The protein
was identified as dihydrolipoyl dehydrogenase (Pb18_Dld),
which was expressed at high levels in the pathogenic form, and
was located in and outside themitochondria, which improved the
macrophage-mediated phagocytic and microbicidal activity.

MATERIALS AND METHODS

Ethics Statement and Mice
This work was conducted according to the ethical principles
of animal research adopted by the Brazilian Society of
Laboratory Animal Science, and received approval from the
Ethics Committee on Animal Use of the Ribeirão Preto
Medical School, USP. The Protocol number is 105/2007.
Male BALB/c mice, aged 6–8 weeks, were purchased from
the Central Animal House of the Ribeirão Preto Campus
of University de São Paulo (USP), and were maintained
in the Animal Facilities of the Department of Biology,
Faculty of Philosophy, Sciences and Letters of Ribeirão Preto,
USP.

Growth Conditions of the P. brasiliensis

Isolate
Virulent yeast cells of P. brasiliensis strain 18 (Pb18) were
cultured for 15 days at 37◦C in DMEM (Sigma-Aldrich, St
Louis, USA), in a shaking incubator at 100 rpm. The yeast
cells were maintained by culturing at 37◦C, while the mycelial
forms were obtained by culturing at 25◦C. Both cultures were
maintained under these conditions for 7 days. The transition
phase from mycelium-to-yeast was induced by culturing the
mycelia at 25◦C for 72 h, changing the temperature to 37◦C,
and incubating for 24 h. The transition from yeast to mycelium
was induced by growing yeast for 72 h at 37◦C, changing the
temperature to 25◦C, and incubating for 24 h. One aliquot
of each P. brasiliensis culture was treated with 50µg/mL
Calcofluor white stain (Sigma-Aldrich) for 30 min at 37◦C
to analyze the fungal morphological forms by fluorescence
microscopy.

Preparation of Extracellular Extract and
Total Soluble Antigen from P. brasiliensis

and Pb18_Dld Identification
Supernatants of the cultures containing ExoAgs were recovered
by centrifugation at 10,000 × g, concentrated and diafiltrated
against 10mM phosphate-buffered saline (PBS, pH 7.2) using
centrifugal filtration devices with a molecular weight cut-off
of 10,000 kDa (Millipore, Billerica, USA). The ExoAgs were
analyzed using 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The gels were stained with
Coomassie brilliant blue G250 (USB Corporation, Cleveland,
USA). The relative amount of the 60-kDa protein band was
calculated with the ImageJ 1.37v software (National Institutes of
Health, Bethesda, USA) and the values were normalized against
the total amount of loaded proteins. Next, the 60-kDa band
was excised from the gel, and mass spectrometry was performed
at the FingerPrint Proteomics and Mass Spectrometry Facility,
College of Life Sciences, University of Dundee. Mascot (version
2.3; Matrix, United Kingdom) analysis was performed to identify
peptides and to search for proteins in the NCBI non-redundant
(nr) database. Total soluble antigen derived from P. brasiliensis
yeast cells was prepared according to reported by Fernandes et al.
(Panunto-Castelo et al., 2003).
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In Silico Analysis
The in silico analyses were performed based on Pb18_Dld
amino acid sequence (GenBank accession no. EEH50415.1)
that was submitted to NetOGlyc 3.1 Server (http://www.cbs.
dtu.dk/services/NetOGlyc-3.1/), NetNGlyc 1.0 Server (http://
www.cbs.dtu.dk/services/NetNGlyc/), SignalP 4.1 Server (http://
www.cbs.dtu.dk/services/SignalP/), and TargetP v1.1 Server
(http://www.cbs.dtu.dk/services/TargetP/). Protein conserved
domains are available in the CDD NCBI’s conserved domain
database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi).

Differential Expression of Dld mRNA from
Different Morphological Forms of
P. brasiliensis
The gene expression profile of P. brasiliensis was analyzed in
mycelium, yeast, and transition forms from mycelium-to-yeast
and yeast-to-mycelium, which were cultivated as described
previously. The total RNA from the P. brasiliensismorphological
forms was extracted using TRIzol (Thermo Fisher Scientific
Inc., Waltham, USA). Briefly, cells were harvested, disrupted by
grinding in liquid nitrogen, and mixed with TRizol, according
to the manufacturer’s instructions. Total RNA was treated with
DNase I (Thermo Fisher Scientific Inc.). The concentration of
RNA was measured with the help of a spectrophotometer at
260 nm and the quality of RNA was evaluated by the ratio of
absorbance at 260 and 280 nm. In order to ensure RNA integrity,
samples were electrophoresed in 1.5% agarose gel. In addition,
the absence of contaminating chromosomal DNAwas confirmed,
after the treatment of the RNA with DNaseI, by the absence
of the HSP60 gene amplification (Fernandes et al., 2016) after
PCR. cDNA was synthesized using 1µg of total RNA with oligo-
dT12−18 primer (Thermo Fisher Scientific Inc.) and SuperScript
III reverse transcriptase (Thermo Fisher Scientific Inc.),
according to the manufacturer’s instructions. Real-time PCR
was performed using Kit Platinum SYBR Green qPCR SuperMix-
UDG with ROX (Thermo Fisher Scientific Inc.), according
to the manufacturer’s instructions. Next, specific primers
were used for Pb18_DLD: 5′-GGTTTGGACAAGGTCGG-3′
(sense) and 5′-CATGGCCGTAGCCCTTC-3′ (antisense).
To measure the gene expression levels, we used CFX96
real-time PCR detection system (Bio-Rad, Hercules, USA).
Fold changes in mRNA expression were calculated using the
2−1Cq formula, where 1Cq is the difference in the threshold
cycle (Cq) between the DLD (target) gene and the β-actin
(Sequence ID: ref |XM_010763641.1|) or α-tubulin references
(housekeeping) genes (Goldman et al., 2003). The reaction
of the genes β-actin and α-tubulin was done using a couple
of primers: 5′-GGATGAGGAGATGGATTATGG-3′ (sense)
and 5′-GAAACACTCGACGCACACGAC-3′ (antisense);
and 5′-GTGGACCAGGTGATCGATGT-3′ (sense) and
5′-ACCCTGGAGGCAGTCACA-3′ (antisense), respectively. All
experiments were performed using biological and experimental
triplicates.

Cloning of the Pb18_Dld Gene Transcript
The cDNA obtained from the mRNA of yeast cells
of P. brasiliensis was used to amplify the region

encoding Pb18_Dld using oligonucleotide primers
5′-CATATGTTTCGGCCCCTTCTCCC-3′ (sense) and
5′-GGATCCCTAGAAATGAATCGCTTTCG-3′ (antisense),
and high-fidelity Taq DNA polymerase (Thermo Fisher Scientific
Inc.). The amplified fragment was cloned into pCR 2.1-TOPO
vector (Thermo Fisher Scientific Inc.), and was sequenced at
the Laboratory of Plant Molecular Biology from the Faculty of
Philosophy, Sciences, and Letters of Ribeirão Preto—USP. Next,
the fragment was removed from the pCR 2.1-TOPO vector using
restriction enzymes NdeI and BamHI (Fermentas, Carlsbad,
USA), and was sub-cloned into pET-28a vector (Addgene,
Cambridge, USA).

Expression and Purification of rPb18_Dld
The pET-28a vector, containing the gene transcript of Pb18_Dld,
was transformed into Escherichia coli BL21 cells for expression of
the Pb18_Dld recombinant protein (rPb18_Dld). Briefly, cultures
were grown in LBmedium supplemented with kanamycin sulfate
(50µg/mL) at 37◦C until an absorbance of 0.4–0.5 was observed
at 600 nm. Then, rPb18_rDld expression was induced with
0.8mM isopropyl-D-thiogalactopyranoside (IPTG) for 6 h. The
bacterial cells were then harvested by centrifugation at 10,000
× g, at 25◦C for 10 min, resuspended in buffer containing 50mM
NaH2PO4, 300mM NaCl, and 20mM imidazole (pH 8.0), and
lysed by sonication. The pellet containing the insoluble fractions
was washed five times with a washing buffer [50mM NaH2PO4,
300mM NaCl, 2M urea, 2mM 2-mercaptoethanol, 20mM
imidazole, and 1% Triton X-100 (pH 8.0)]. Then, the pellet
was resuspended in solubilization buffer [50mM NaH2PO4,
300mM NaCl, 20mM imidazole, 7M urea (pH 8.0)], followed
by incubation for 1 h at room temperature. The solubilized
material was recovered by centrifugation at 10,000 × g at 4◦C
for 10 min, and was filtered throughMillex-GV PVDF (pore size,
0.22µm; Millipore). The rPb18_Dld was purified by performing
metal chelate affinity chromatography with a Ni2+–Sepharose
affinity column (His-Trap; GE Healthcare, Piscataway, USA).
Next, the rPb18_Dld was eluted using elution buffer (50mM
NaH2PO4, 300mMNaCl, 300mM imidazole, 7M urea), refolded
by dialysis against PBS, and concentrated by ultrafiltration.
Protein concentration was determined using BCA kit (Pierce
Chemical Co., Rockford, USA) and purity, size, and identity of
the rPb18_Dld protein were evaluated using SDS-PAGE (12%).
In addition, the recombinant protein samples were analyzed for
endotoxin contamination by using Limulus amebocyte lysate
(LAL) assay (Sigma-Aldrich), and were found to contain <0.05
ng/mL of bacterial endotoxin.

Mice Immunization
We used purified rPb18_Dld protein to generate specific anti-
rPb18_Dld polyclonal antibody in mice serum. Male BALB/c
mice were immunized by subcutaneous injection of 50µL of
purified protein (10µg/mice) with 50µL of complete Freund’s
adjuvant (CFA, Sigma-Aldrich) at first administration. Animals
were boosted twice, at 1-week intervals, with the same amount
of antigen emulsified in 50µL of incomplete Freund’s adjuvant.
One week after the last boost, the serum containing polyclonal
antibody to rPb18_rDld was aliquoted and stored at−20◦C.
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FIGURE 1 | Pb18_Dld identification. (A) SDS-PAGE result of P. brasiliensis exoantigens grown in DMEM, for 15 days at 37◦C. After this period, cultures were

centrifuged, and the supernatant was dialyzed and analyzed. The band indicated by the arrow was excised from the gel and analyzed by mass spectrometry.

SDS-PAGE was stained with Coomassie brilliant blue. (B) Pb18_Dld amino acid sequence. (C) Conserved domains (available on CDD NCBI’s conserved domain

database).

Western Blotting
The electrophoresis analyses were performed on 12%
SDS–PAGE, and transferred to polyvinylidene fluoride
membranes (PVDF)—Hybond membranes Amersham 0.45 P
PVDF (GE Healthcare). Thereafter, membranes were incubated
with Tris-buffered saline (TBS-T) [20mM Tris-HCl, 150mM
NaCl and 0.1% (v/v) Tween-20 (pH 7.6)] containing 3% gelatin
for 1 h at 25◦C, and incubated for 4 h at room temperature with
anti-Pb18_rDld polyclonal antibody diluted 1:1,000 in TBS-T
containing 1% gelatin. Thereafter, membranes were washed five
times with TBS-T and incubated for 2 h at room temperature
with the anti-mouse IgG rabbit secondary antibody conjugated
to peroxidase (Sigma-Aldrich) diluted 1:500 in TBS-T containing
1% gelatin. Blots were washed five times with TBS-T and then
immersed in a fresh mixture of 4-chloro-1-naphthol (4C1N)
(Sigma-Aldrich) and 3′3-diaminobenzidine tetrahydrochloride
(Sigma-Aldrich) or ECL reagent for 1 min to detection of protein
using a ChemiDoc MP Imaging System (Bio-Rad, Hercules,
USA).

Electron Microscopy
The Pb18_Dld subcellular localization was performed with yeast
and mycelia washed with PBS and fixed in 3.7% formaldehyde
buffered with PBS at 25◦C for 1 h. After fixation, cells were
washed with PBS and resuspended in 0.05% glutaraldehyde
buffered with PBS and incubated at 25◦C. After 15 min, the cells
were centrifuged at 5,000× g for 5 min at 25◦C and washed three
times with 1 mL of PBS. Then, the cells were resuspended in PBS
containing 0.1% Triton X-100 and incubated at 25◦C for 45 min.
The cells were recovered by centrifugation at 5,000× g for 5 min
and washed with 1 mL PBS. Samples were incubated with 1 mL

PBS-1% BSA at 25◦C. After 45 min, anti-Pb18_rDld polyclonal
antibody (1:500) was added for 1 h, followed by incubation at
25◦C under gentle agitation. After washing with PBS-1% BSA,
colloidal gold-conjugated anti-mouse IgG (Nanoprobes Inc., NY,
USA) was added to the cells for 1 h at 25◦C under gentle agitation.
The cells were washed five times with PBS, with 5 min incubation
for each wash and fixed with 2.5% glutaraldehyde in 100mM
cacodylate buffer (pH 7.4) (EM Sciences, Hatfield, USA) at 25◦C
for 1 h. Cells were washed with cacodylate buffer and incubated
at 4◦C for 18 h, followed by washing five times with ultrapure
water. Further processing of cells was conducted as per the
manufacturer’s instructions of GoldEnhancement (Nanoprobes).
Subsequently, the fixed cells were incubated in 1% OsO4 (EM
Sciences) for 2 h, rinsed in ultrapure water, and incubated with a
solution of saturated thiocarbohydrazide (EM Sciences), followed
by 1% OsO4. Yeast cells were dehydrated with ethanol (30–100%
v/v) and coated with gold in a BAL-TEC SCD 050 Sputter Coater
(BAL-TEC AG, Balzers, Liechtenstein). Finally, the sections were
observed with a transmission electronmicroscope Jeol JEM—100
CXII (JEOL, Peabody, MA, USA).

Macrophages Phagocytic and Microbicidal
Activity Assays
Macrophages were obtained from the peritoneal cavity of BALB/c
mice 72 h after an intraperitoneal injection of 1 mL of 3% sterile
sodium thioglycollate medium (Sigma-Aldrich), according to the
described protocol (Freitas et al., 2016). Peritoneal macrophages
(1 × 106) were stimulated or not with 10µg of rPb18_Dld
and maintained in a 5% CO2 humidified atmosphere incubator
at 37◦C. After 24 h, macrophages were infected with 3 × 105

yeast cells of P. brasiliensis and incubated for 4 h at 37◦C.
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FIGURE 2 | Analysis of the expression and purification of rPb18_Dld, and production of anti-rPB18_Dld polyclonal antibody. SDS-PAGE results of (A) rPb18_Dld

expression and (B) purified rPb18_Dld by affinity chromatography using a liquid chromatographic system, Akta Purifier in HisTrap Crude FF column. The purified

protein was dialyzed against PBS. SDS-PAGE was stained with Coomassie brilliant blue. (C) Western blotting analysis of anti-rPb18_Dld polyclonal serum.

Membranes containing rPb18_Dld or total exoantigens containing native Pb18_Dld (ExoAg) were incubated with serum containing polyclonal anti-rPb18_Dld

antibodies. Negative control of the reaction was performed using the membrane containing rPb18_Dld incubated with preimmune serum. The membranes were

visualized by peroxide substrate hydrogen and diaminobenzidine tetrahydrochloride. (D) SDS-PAGE stained with Coomassie brilliant blue of total soluble antigen from

P. brasiliensis (Total PbAgs). Western blotting analysis of anti-rPb18_Dld polyclonal serum with membranes containing Total PbAgs were incubated with 1:1,000

containing polyclonal anti-rPb18_Dld antibodies. The membranes were visualized by peroxide substrate hydrogen and diaminobenzidine tetrahydrochloride (DAB) or

by chemiluminescent with ECL reagent (ECL).

The cultures were washed with RPMI-incomplete medium. To
evaluate the phagocytic activity, 1 mL of distilled water was
added to the microplate wells to promote macrophage lysis.
The samples were serially diluted and cultured for 10 days at
37◦C in solid BHI medium supplemented with 1% glucose to
determine the presence of colony forming units (CFU) of viable
yeasts. To analyze microbicidal activity, the washed cultures
were additionally incubated for 48 h. Macrophage lysis and yeast
cultures were carried out as described above. The number of CFU
were counted and expressed as CFU/well.

Statistical Analyses
Data are expressed as mean ± standard deviation from at
least duplicate experiments. Statistical differences between the
means of the experimental groups were determined using the
Student’s unpaired t-test (GraphPad Software, San Diego, USA).
Differences with P< 0.05 were considered statistically significant.

RESULTS

Identification of Dihydrolipoyl
Dehydrogenase (Pb18_Dld) as the
Predominant Protein in the P. brasiliensis

Culture Supernatant
Antigens secreted by P. brasiliensis could play an important role
in fungus-host interactions. Therefore, we sought to identify new
antigens from supernatants after centrifugation of P. brasiliensis

cultured in DMEM, which is a basal medium that does not
contain proteins. When the supernatants were analyzed by
SDS-PAGE, we observed that a major band of 60 kDa was
invariably present in all ExoAgs preparations (Figure 1A),
comprising more than 85% of the total protein content. Some

minor bands were observed in the supernatants, such as the
proteins of 90-, 85-, and 43-kDa, the latter possibly being gp43.

One-dimensional nano-LC-MS/MS analysis of tryptic fragments
of the 60 kDa protein band revealed two unique peptides

that matched the sequence of Pb18_Dld (GenBank accession

number EEH50415.1). Pb18_Dld is a protein involved in fungal
metabolism (Weber et al., 2012; Parente-Rocha et al., 2015), and

is composed of 514 amino acids (Figure 1B), with a small NADH
binding domain, a larger FAD-binding domain (Pyr_redox), and

a dimerization domain (Pyr_redox_dim) (Figure 1C).
To confirm the presence of Pb18_DLD in the culture

supernatant, we used anti-rPb18_Dld polyclonal antibody. First,

we cloned the Pb18_Dld gene transcript in an expression
plasmid, pET28-a, for the production of the recombinant protein

in bacteria (rPb18_Dld) (Figure 2A). Figure 2B shows the
recombinant protein, which was purified using a nickel column

for the production of anti-rPb18_Dld polyclonal antibodies in

mouse. Use of the anti-recombinant protein antibody revealed
the presence of Dld in total soluble antigen from yeast

cells, as well as, in P. brasiliensis DMEM culture supernatant

(Figures 2C,D), suggesting that Pb18_Dld is a protein secreted

by P. brasiliensis.
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FIGURE 3 | In silico analysis of the presence of glycosylation potential sites, signal peptide, and prediction analysis of subcellular location from Pb18_Dld. The amino

acid sequence of Pb18_Dld protein was used for analysis in different programs (A,B) NetOGlyc 1.0 and NetNGlyc 3.11 show graphics with horizontal lines that

represent the reliability limits of the results and vertical lines that indicate the potential sites of O- and N-glycosylation. (C) SignalP-4.1 shows graphic with dotted line,

representing the reliability limits of results. The lines C, S, and Y-score indicate possible signal peptide cleavage positions and signal peptide regions. (D) TargetP v1.1

shows the length (Len), mitochondrial target peptide (mTP), secretory pathway (SP), localization (Loc), mitochondria (M), and reliability class (RC).

FIGURE 4 | Pb18_Dld mRNA differential expression in different morphological forms of P. brasiliensis. (A–D) Morphological analysis by fluorescence microscopy. An

aliquot of each fungal culture was incubated with Calcofluor white stain solution (50µg/mL) for labeling the fungal cells. The bars correspond to 20µm. (E) Evaluation

of Pb18_Dld mRNA differential expression by RT-qPCR using cDNA from mycelia (A), mycelia-to-yeast (B), yeast (C), and yeast-to-mycelia (D). The β-actin and

α-tubulin reference genes were used as endogenous controls to normalize the relative Pb18_Dld mRNA expression.

In Silico Analysis of Pb18_Dld
As part of a complementary analysis to characterize Pb18_Dld,
we conducted an in silico examination of the protein to check for

the presence of putative N- and O-linked oligosaccharides and
signal peptides in the amino acid sequence. The analysis revealed
that this protein possessed only one putative N-glycosylation site
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FIGURE 5 | Pb18_Dld localization in mycelia and yeast cells from P. brasiliensis, visualized by immunoelectron microscopy. (A,B) Mycelium and (C,D) yeast from P.

brasiliensis were labeled with primary polyclonal antibody anti-rPb18_Dld (B,D) or pre-immune serum (A,B) and secondary antibody conjugated to colloidal gold. The

staining of Pb18_Dld was analyzed by electron microscopy. Bars correspond to 2µm. The C and CW identifications correspond to the cytoplasm and cell wall,

respectively. The arrows indicate mitochondria.

in the asparagine residue at the 101 position, no potential site
of O-glycosylation (Figures 3A,B) and no signal peptide that
targeted the protein to the secretory pathway (Figures 3C,D).
Moreover, the data obtained in silico by using TargetP predicted
that Pb18_Dld was localized in mitochondria (Figure 3D),
although it was also identified in the extracellular fraction.
Together, these data suggest that Pb18_Dld is a mitochondrial
protein that can be secreted via a non-conventional pathway.

Pb18_Dld from P. brasiliensis Is Expressed
Primarily in Yeast Form
To determine if there were differences in expression levels
of Pb18_Dld in yeast, mycelia, and transition forms, we
compared normalized mRNA-expression levels among in vitro
grown phases. Prior to mRNA extraction, we confirmed that
the fungal morphology corresponded to expected forms by
fluorescence microscopy of samples stained with Calcofluor
white (Figures 4A–D). Pb18_Dld transcripts were detected

in all evaluated morphological forms, although they showed
higher expression in yeast, which is the pathogenic form,
as compared with levels in transition phases (mycelium-
to-yeast and yeast-to-mycelium) or the mycelial form
(Figure 4E).

Pb18_Dld Subcellular Localization in
P. brasiliensis Yeast and Mycelia
As Pb18_Dld was a component of ExoAgs and in silico analysis
of its sequence did not show the signal peptide, we intended to
investigate the localization of Pb18_Dld in fungal yeast. Yeast
and mycelia of P. brasiliensis were fixed and incubated with
anti-rPb18_Dld polyclonal mice antibody, and subsequently,
incubated with secondary antibody, colloidal gold anti-mouse
IgG conjugate, for immunodetection of the protein by electron
microscopy. Control samples were obtained by incubation with
pre-immune mice serum (Figures 5A,C). Electron microscopy
assays revealed the ubiquitous distribution of gold particles in
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cytoplasm and mitochondria of both forms of P. brasiliensis
(Figures 5B,D). In addition, the protein was also present in
the mycelial cell wall (Figure 5B). Together, these results are in
accordance with the mitochondrial localization predicted by in
silico analysis, and suggest that Pb18_Dld could be secreted by an
alternative secretion pathway.

Phagocytosis of Macrophages is Increased
in the Presence of rPb18_Dld
Macrophages comprise one of the primary defense mechanisms
against infection by P. brasiliensis (Brummer et al., 1988a,b).
Additionally, Pb18_Dld showed higher expression in the
pathogenic form. Therefore, we evaluated whether this protein
could have some effect on the phagocytic and microbicidal
activity of macrophages. Phagocytosis and killing assays were
performed using peritoneal macrophages. Interestingly, when the
cells were pretreated with rPb18_Dld, we observed a significant
increase in the phagocytic activity, i.e., after 4 h of co-culture,
from 3.98 × 103 CFU/mL ± 1.28 to 6.9 × 103 CFU/mL ±

0.30. We also observed an increase in the microbicidal activity
i.e., after 48 h of co-culture, with a reduction from 4.18 × 103

CFU/mL ± 0.71 to 2.6 × 103 CFU/mL ± 0.78 at rDld-Pb18
stimulated-macrophages, representing relative killing of 62% of
yeast cells (Figure 6). Together, our data suggest that this protein
may be important to improve fungicidal process by macrophages
during infection.

DISCUSSION

In this study, to identify new antigens from P. brasiliensis
that could be associated with the host, we focused on ExoAgs
preparations and isolated a highly expressed protein, identified
bymass spectrometry as Pb18_Dld. The fact that Pb18_Dld could
be detected in the extracellular extract suggested that it was an
ExoAg released by the fungus. This is an intriguing observation
because orthologs of this protein were typically detected in
the mitochondria. It is part of the machinery responsible for
aerobic respiration, in which the pyruvate produced by glycolysis
and via the phosphate pentose pathway is mainly oxidized and
decarboxylated to acetyl-CoA by the pyruvate dehydrogenase
complex (Lehninger et al., 2005). In accordance with its function,
our electron microscopy data showed that this enzyme is located
in the mitochondria and, interestingly, in the cytoplasm of
mycelia and yeast and in the mycelial cell wall. Corroborating
our findings, work published by Weber et al. (2012) showed that
Dld from P. lutzii is a component of extracellular proteomics of
mycelial and yeast forms.

The presence of Pb18_Dld and other proteins at the
cell surface or outside the fungal cell wall, in the absence
of a conventional N-terminal signal sequence responsible
for targeting the protein to classical secretory pathway, is
an intriguing question. To explain this occurrence, non-
conventional secretory pathways, as well as unusual signal
sequences, had been described. An example of unusual transport
is the extracellular vesicles produced by fungi (Straus et al., 1996).
In fact, some enzymes involved in the glycolytic pathway and

FIGURE 6 | Phagocytic and microbicidal activity of macrophages stimulated

with rPb18_Dld. P. brasiliensis yeast cells were grown in DMEM medium at

37◦C for 5 days and co-cultured with peritoneal macrophages, prestimulated

or not with 10µg of rPb18_rDld. Phagocytic and microbicidal activity were

determined by counting the CFU of yeast recovered from the lysate of murine

peritoneal macrophages after 4 and 48 h of incubation with yeast at 37◦C,

respectively. Results represent the mean ± standard deviation values of two

independent experiments in triplicate. *P < 0.05 in relation to the other

experimental groups, as determined by Student t-test.

tricarboxylic acid cycle were identified in the contents of these
vesicles (Vallejo et al., 2012).

Carbohydrates are the primary and preferred carbon source
used by most organisms (Askew et al., 2009). For survival of
pathogens in the hostile host microenvironment, expression of
virulence factors and their ability to assimilate various carbon
sources for energy production are important (Lorenz et al.,
2004; Barelle et al., 2006; Askew et al., 2009; Romani, 2011).
Some studies indicate that metabolic remodeling observed in
Paracoccidioides spp. infection is a survival strategy (Lima et al.,
2014). P. lutzii, when grown under copper deprivation, showed
induction of the pyruvate dehydrogenase complex, suggesting
that availability of acetyl-CoA by the generated pyruvate could
be important for the survival of P. lutzii in inhospitable
conditions (de Oliveira et al., 2014). Parente-Rocha et al. (2015)
demonstrated that the fungi couldmodify their metabolismwhen
subjected to conditions that mimic macrophage infection by P.
brasiliensis. In this study, we observed that there is an increase in
the Dld expression in yeast cells, which is the pathogenic form of
P. brasiliensis.

High Dld expression in the ExoAgs preparation of
P. brasiliensis raised the possibility that this protein might
be a potential virulence factor, facilitating the infection. A
common approach for recognition of virulence factors in
dimorphic fungi is the correlation with increased expression
of the possible factor in the pathogenic form of the fungus
(Rappleye and Goldman, 2006). Our results have shown that
the expression of Pb18_Dld mRNA is the highest in the yeast
morphology, which is the fungal pathogenic form. Similar to
Dld, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a
glycolytic enzyme from P. brasiliensis, was shown to be present
in larger amounts in the parasitic yeast phase than in the
mycelia, suggesting a putative role for GAPDH in the parasitic
phase of the fungus (Barbosa et al., 2004). Subsequently, it was
demonstrated that GAPDH is located at the outermost layer
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in the cell wall of P. brasiliensis yeast forms, and has adhesive
properties (Barbosa et al., 2006). The ability to perform biological
functions unrelated to the protein canonical function is common
for some metabolic enzymes of Paracoccidioides spp. that are
frequently involved in virulence (Marcos et al., 2014). When we
added rPb18_Dld to cultures of macrophages from the peritoneal
cavity, it induced a higher phagocytosis rate. To date, there has
been no report regarding the role of this metabolic protein in
immune responses of the host. Although our results suggested
that Pb18_Dld possibly displayed immunostimulatory effects
in host cells, it was undeniable that many molecules induced
the activation of macrophages and yet had a deleterious effect
on the host (Medzhitov, 2008). Therefore, further experiments
are needed before we reject the association of Pb18_Dld with
P. brasiliensis virulence.

In summary, we demonstrated that Dld, a glycolytic enzyme,
which is present in the mitochondria, cytoplasm, and cell wall
and is secreted by P. brasiliensis, is more prominently expressed
in the pathogenic form of the fungus. In addition, this protein
stimulates the immune system by increasing the phagocytic and
microbicidal activity of macrophages. Although the significance
of this protein in disease progression has to be confirmed by

virulence tests, for instance, using genetically Pb18_Dld deficient
yeast, our work offers a new approach to studying Pb18_Dld as a
potential therapeutic target in PCM.
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Candida albicans is a human opportunist pathogen that can grow as yeast, pseudo-
hyphae, or true hyphae in  vitro and in  vivo, depending on environmental conditions. 
Reversible cellular morphogenesis is an important virulence factor that facilitates invasion 
of host tissues, escape from phagocytes, and dissemination in the blood stream. The 
innate immune system is the first line of defense against C. albicans infections and is 
influenced by recognition of wall components that vary in composition in different mor-
phological forms. However, the relationship between cellular morphogenesis and immune 
recognition of this fungus is not fully understood. We therefore studied various vegetative 
cell types of C. albicans, singly and in combination, to assess the consequences of 
cellular morphogenesis on selected immune cytokine outputs from human monocytes. 
Hyphae stimulated proportionally lower levels of certain cytokines from monocytes 
per unit of cell surface area than yeast cells, but did not suppress cytokine response 
when copresented with yeast cells. Pseudohyphal cells induced intermediate cytokine 
responses. Yeast monomorphic mutants had elevated cytokine responses under con-
ditions that otherwise supported filamentous growth and mutants of yeast and hyphal 
cells that were defective in cell wall mannosylation or lacking certain hypha-specific cell 
wall proteins could variably unmask or deplete the surface of immunostimulatory ligands. 
These observations underline the critical importance of C. albicans morphology and 
morphology-associated changes in the cell wall composition that affect both immune 
recognition and pathogenesis.

Keywords: Candida albicans, cell wall, cytokine, immune recognition, morphogenesis

inTrODUcTiOn

Fungal pathogens are associated with a wide range of human diseases from superficial infections of 
the skin and mucosal surfaces to life-threatening systemic infections, depending on host health and 
immunocompetence. Candida species account collectively for as many as 400,000 cases of systemic 
fungal disease with associated mortality rates of up to 40% (1–4). Of these species, Candida albicans is 
the most common agent of disease and is characterized by its morphological plasticity. It is capable of 
vegetative growth in vitro and in vivo as ovoid budding yeast-like cells and as branching filamentous 
cells that exist as more or less elongated and constricted chains of yeast cells called pseudohyphae 
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or parallel-sided hyphal cells (5–10). Other cell types, such as 
GUT, gray, and opaque cells, are a tristable system of specialized 
cells involved in colonization of specific body sites and in mating 
competence (10). We set out to characterize differences in the 
immune response by human peripheral blood mononuclear cells 
(PBMCs) to yeast cells, hyphae, and pseudohyphae as the three 
major morphological forms of C. albicans.

The innate immune system is the first line of defense against all 
invading organisms and plays a major role in resistance to infec-
tious diseases in immunocompetent hosts (11). Phagocytes detect 
microbial pathogen-associated molecular patterns (PAMPs) via 
pattern-recognition receptors (PRRs), resulting in signaling-
mediated transcription and secretion of inflammatory mediators, 
such as chemokines and cytokines that recruit neutrophils and 
other immune cells to the site of infection, resulting in localized 
killing of the pathogen and activation of the adaptive immune 
response (11–13).

C. albicans PAMPs that activate the inflammatory response 
are located in both the outer and inner layers of the intact cell 
wall (4, 11, 14–16). Mannans and glucans are the main elicitors of 
both cytokine production and phagocytosis and are recognized 
by a range of C-type lectins and toll-like receptors (TLRs) (4, 
17–21). The O-linked mannans are sensed through the TLR4 
receptor (17), β-mannan is recognized by galectin-3 (22–25), 
and α-linked N-mannans are recognized by the mannose recep-
tor (MR), dectin-2, mincle, and DC-SIGN (21, 26). Opsonized 
β1,6-glucan acts as an immune agonist (27), and chitin is taken 
up by the MR and induces TLR9- and NOD2-dependent IL-10 
production (4, 28).

Most immune recognition studies have focused on C. albicans 
yeast cells as the cell target; however, it is known that filamentous 
hyphal cells induce an altered immune response (4, 6, 8, 21, 
29–32). The switch between yeast and hyphal growth is critical 
for virulence (6, 8, 33, 34), affecting numerous properties includ-
ing the expression of morphology-dependent cell wall adhesins, 
invasins, proteases, and a raft of other phenotypic and biochemi-
cal properties, including the recently discovered candidalysin 
toxin (35). Mutants locked in either the yeast or hypha form are 
avirulent, suggesting that the ability to transit reversibly between 
these morphotypes potentiate the virulence of this fungus (7, 33,  
35–40). Pseudohyphae are a distinct growth form that differs 
from both yeast cells and parallel-sided hyphae and are character-
ized by synchronously dividing elongated yeast cells (5, 7, 41, 42). 
Although pseudohyphal forms are generated by a wide range of 
Candida species, we know little about the immune response to 
pseudohyphal cells.

It is therefore important to understand the consequences of 
cellular morphogenesis of C. albicans on immune recognition 
and the activation of inflammation. Here, we demonstrate that  
C. albicans hyphae stimulated lower levels of cytokine production 
from human PBMCs than did yeast cells, but did not suppress 
the immune response of yeast cells in trans. Pseudohyphae 
elicited intermediate cytokine profiles between those of yeast 
and hyphae and again did not suppress yeast-induced cytokines. 
We also demonstrate that cell wall mannosylation and certain 
hypha-specific cell wall proteins affect morphology-dependent 
recognition by PBMCs.

MaTerials anD MeThODs

strains, Media, and culture conditions 
inducing cellular Morphogenesis
Strains used in this work are listed in Table S1 in Supplementary 
Material. Cells were maintained and propagated at 30°C in 
either Sabouraud broth [1% (w/v) mycological peptone, 4% 
(w/v) glucose] or YPD broth [1% (w/v) yeast extract, 2% (w/v) 
mycological peptone, 2% (w/v) glucose]. The immune reposes to 
hyphae induced by multiple independent growth conditions were 
compared. Hyphae were generated using multiple independent 
methods: (i) 20% (v/v) fetal calf serum (FCS) or in RPMI 1640 sup-
plemented with 2.5% (v/v) FCS, (ii) in YPD broth supplemented 
with 20% (v/v) FCS, (iii) in SC broth [0.68% (w/v) yeast nitrogen 
base without amino acids, 0.074% (w/v) amino acids buffered 
with 0.378% (w/v) PIPES] supplemented with 0.012% (w/v) fresh 
N-acetylglucosamine (GlcNAc), or (iv) in Lee’s medium (43). 
Cultures were collected for use when greater 90–95% filamenta-
tion was obtained (typically after 3.5 h of incubation at 37°C). 
Hyphae were then washed twice in PBS and stored frozen at 
−20°C until used in cytokine induction experiments.

C. albicans pseudohyphae were produced using conditions 
published previously with modifications (41). Overnight cultures 
of C. albicans were collected by centrifugation, washed twice with 
0.15 M NaCl, resuspended in 0.15 M NaCl, and incubated at room 
temperature for 24 h to induce starvation. After 24-h starvation, 
cells were inoculated into RPMI 1640 at a final concentration of 
1 × 106 cells/ml and incubated at 25, 30, or 37°C with shaking for 
6 h. Under these conditions, the vegetative morphology could be 
regulated by growth temperature alone, with yeast cells formed 
at 25°C, pseudohyphae at 30°C, and true hyphae at 37°C. Heat-
killed (HK) cells were prepared after incubation at 56°C for 1 h, 
with killing verified by plating on YPD.

Samples of cells were fixed in 5% (v/v) formalin for morpho-
logical and microscopical analyses. All photomicrographs were 
taken on an Olympus BX50 outfitted with an Infinity 1 digital 
camera. Morphology indices, which are a measure of the extent 
of cellular elongation and hence discrimination of constricted 
pseudohyphae from parallel-sided hyphae, were determined as 
published (41). All measurements were made using the measure-
ment tool in ImageJ 1.47v (http://imagej.nih.gov/ij), and MIs 
were calculated in Microsoft Excel.

calculation of the surface area (sa)  
of Fungal cells
The SA of all cells was based on microscopical measurements made 
from DIC images using a Zeiss Axioplan 2 microscope and captured 
by a Hamamatsu C4742-95 digital camera (Hamamatsu Photonics, 
Hamamatsu, Japan). All measurements created by ImageJ were 
exported in Microsoft Excel. The SA of yeast cells was calculated 
based on measurements of the radius calculated from the average 
of the largest and smallest cell diameters of yeast cells (4πr2). Germ 
tube SA was taken as the SA of the mother yeast plus the SA of 
the daughter germ tube (true hypha). Hypha SA based on SA 
(2πr2 + 2πrl) where the germ tube length (l) was measured from the 
base of the mother cell and the germ tube diameter was the average 
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of the narrowest and widest diameter measurements made along 
each germ tube. At least 50 measurements, and 3–4 biological rep-
licates, of SA of individual yeast and hyphal cells grown were made.

cytokine stimulation assays
Blood samples were collected from healthy volunteers accord-
ing to local guidelines and regulations, as approved by the 
College Ethics Review Board of the University of Aberdeen 
(CERB/2012/11/676). The PBMCs were used in this study and 
isolated using Ficoll-Paque™ PLUS (GE Healthcare) as previously 
described (44), with slight modifications. Unless otherwise indi-
cated, 5 × 105 PBMCs in 100 µl were incubated in a round-bottom 
96-well plate (Nunc) with 100 µl of fungal cells at 1 × 106 cells/
ml. After incubation for 24 h at 37°C under 5% (v/v) CO2, plates 
were centrifuged at 1,000 g for 10 min at room temperature, and 
supernatants were saved and kept at −20°C until use. For cytokine 
assays using mixed C. albicans cell types, PBMCs were first pre-
incubated with 50 µl of cells of one morphology at 2 × 106 cells/
ml for 1 h at 37°C under 5% (v/v) CO2. Subsequently, 50 µl of a 
sample containing a second sample of yeast or hyphae cells at 
2 × 106 cells/ml were added to PBMCs. Plates were then incubated 
for a further 24 h at 37°C, before supernatant collection and assay 
of induced cytokines. In experiments with PBMCs, the inoculum 
of hyphal cells was more or less aggregated. To assess the effect of 
cell aggregates on the cytokine stimulation, control experiments 
where hyphae were dispersed by ultrasonication before interac-
tion with immune cells were performed, but theses did not show 
any significant differences with cultures of non-sonicated cells 
(data not shown). Therefore, steric blocking of monocyte access 
to fungal material did not explain the reduced response to hyphae 
that was observed.

TNFα, IL-1α, IL-1β, IL-6, and IL-10 concentrations were 
determined from coculture supernatants. For IL-1α quantifica-
tion, stimulated PBMCs were disrupted by three sequential 
temperature shock cycles, and homogenates used for cytokine 
determination. All cytokine concentrations were determined 
using enzyme-linked immunosorbent assays (R&D Systems) 
according to the manufacturer’s instructions.

cell Wall extraction and analysis
C. albicans cells of different morphology were prepared as 
described above. Cells were collected by low-speed centrifugation 
and washed with ultrapure water, then broken using glass beads 
and a FastPrep machine (Qbiogene), homogenates were centri-
fuged at 13,000 g for 3 min, and pellets, containing the cell debris 
and walls, were washed five times with 1 M NaCl, resuspended 
in cell wall extraction buffer [50 mM Tris–HCl buffer pH 7.5, 2% 
(w/v) SDS, 0.3 M β-mercaptoethanol, and 1 mM EDTA], then 
boiled for 10 min, and washed three times with ultrapure water. 
Cell walls were freeze dried and stored at −20°C until used. The 
β-glucan, mannan, and chitin contents of cell wall preparations 
were determined by acid hydrolysis of the polymers and quanti-
fication of glucose, mannose, and glucosamine. Freeze-dried cell 
walls were hydrolyzed with 2 M trifluoroacetic acid as described 
previously (45), and acid hydrolyzates were analyzed by HPAEC-
PAD (high-performance anion-exchange chromatography with 
pulsed amperometric detection) (46).

hPBMc cell Damage assay
Human PBMC damage was assessed by lactate dehydrogenase 
(LDH) released into the supernatant in the culture medium. 
After 24  h stimulation with C. albicans either heat-killed yeast 
(HKY) or HKH over a range of MOIs (Candida cells:hPBMCs) 
from 0.002:1 to 2:1. The LDH release was determined using the 
cytotoxicity detection kit (Roche Applied Science), according to 
the manufacturer’s instructions. As a negative control for LDH 
release, 5 × 105 cells of hPBMCs were incubated with only the 
cell culture medium and incubated at 37°C with 5% CO2 for 24 h. 
For the positive control maximum LDH release, 5 × 105 cells of 
hPBMCs was obtained by treatment with 2% Triton X-100 and 
incubated under the same conditions. The percentage of LDH 
release was calculated relative to the value for 100% cell death.

statistical analyses
The Mann–Whitney U test, t-test, or one-way ANOVA with a 
Dunnett’s post hoc test in an appropriate parameter was used to 
analyze data. Results are presented as means ± SDs or SEMs and 
levels of significance determined at p < 0.05.

resUlTs

Differential cytokine induction by Yeast 
and Filamentous cell Types
We used the cytokine response of human PBMCs as a read 
out to investigate the role of C. albicans morphogenesis on 
immune recognition. The cytokine profile of human PBMCs 
was compared when these immune cells were exposed to yeast 
cells and filamentous forms (true hyphae and pseudohyphae) of 
C. albicans. Yeast, pseudohyphal, and hyphal cells could all be 
induced in vitro using various culture conditions that preferen-
tially stimulated a specific C. albicans cell morphology. Live and 
HK cells of different cell morphologies were also analyzed in our 
study. Across a wide range of conditions, heat killing increased 
the total amount of TNFα and other cytokines induced by yeast 
cells, and to a lesser extent, filamentous cells (Figure 1), suggest-
ing that heat-treatment unmasks cytokine inducing PAMPs due 
to thermal disruption of components of the outer layer of the cell 
wall, thus exposing internal cytokine inductive cell layers to PRRs 
found on the surface of human PBMCs.

Under the conditions employed, more than 99% of yeast cells 
were obtained at 25°C and more than 94% of hyphae with at least 
two cell compartments were generated at 37°C (data not shown). 
Cell for cell, HK yeast cells induced significantly more TNFα 
than hyphal cells (Figure 1A). Germ tubes/hyphae induced less 
TNFα despite the presence of the parent yeast cell, implying that 
hypha formation may suppress TNFα production that would 
be normally associated with the cell surface of HK yeast cells 
(Figures 1A–C and 3).

TNFα production induced by C. albicans was dose dependent 
(Figure 1B). Live yeast cells stimulated lower cytokine production 
compared to HK yeast cells—a difference that was less apparent 
when comparing live and HK true hyphal cells (Figure 1B). Both 
live and HK hyphae stimulated poor TNFα production compared 
to that of HK yeast cells (Figures 1B,C). In addition, LDH activity 

148

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 1 | TnFα stimulation with Candida albicans yeast and hyphal 
cells by human peripheral blood mononuclear cells (PBMcs). 
(a) Cytokine production by human PBMCs stimulated with yeasts cells (Y) of 
C. albicans NGY152 grown at 25°C (closed circles) or hyphae (H) grown at 
37°C (closed squares) in RPMI 1640 + 2.5% fetal calf serum (FCS). Error 
bars = SEM (n = 3). (B) Dose-dependent stimulation of TNFα production by 
human PBMCs when stimulated with different forms of C. albicans NGY152 
grown in RPMI 1640 + 2.5% FCS. Heat-killed yeasts (HKY), closed circles; 
live yeasts (LY), open circles; HK hyphae (HKH), closed squares; live hyphae 
(LH), open squares. Error bars = SEM (n = 6). In these experiments, a total of 
5 × 105 PBMCs were used in each treatment and so the MOI varied from 
0.0002:1 to 2:1. (c) Cytokine production by human PBMCs stimulated with 
the different morphological forms of C. albicans NGY152. In each treatment, 
an inoculum of 1 × 106 cells/ml was used. Results are means ± SEM (n = 6; 
*p < 0.05).

FigUre 2 | cell surface area (sa) of hyphal forming cells negatively 
correlated with TnFα stimulation. (a) Cell SA and cell size of Candida 
albicans SC5314 yeast (Y) or hyphae (H) grown at either 25 or 37°C for 1.5, 
2.5, 3.5, and 4 h (*p < 0.05). Error bars are SEM (n > 50 individual cells). 
(B) Relationship between TNFα production and extent of cell elongation 
expressed as the ratio of the hyphal cell area and the mother yeast cell area 
for C. albicans SC5314 and NGY152, and Candida dubliniensis CD36.
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released into the supernatant was measured after 24 h stimulation 
with C. albicans HKY or HKH. There was no significant differ-
ence between C. albicans stimulated and non-stimulated hPBMCs 
(Figure S1 in Supplementary Material). Therefore, although TNFα 
production by hPBMCs incubated with 1 × 106 cells of HKY was 
significantly reduced, this was not due a loss of viability of hPB-
MCs. Similar results were obtained for a range of other cytokines, 
including IL-1α, IL-1β, IL-6, and IL-10 (Figure 1C).

We next investigated how hypha cell SA correlated with TNFα 
production by human PBMCs. Cell SA and cell size (diameter or 
length) of C. albicans yeast and hyphae were calculated assuming 
yeast cells were elliptical spheres, and germ tubes were parallel-
sided cylinders. The size and SA of yeast plus associated germ 

tubes cells grown at 25 and 37°C are shown in Figure  2A. SA 
and length of hyphae increased by time. Under these conditions 
(at 3.5 h) of growth, yeasts had a mean diameter of 6.6 ± 0.1 μm 
(mean  ±  SEM) and mean SA of 136  ±  3.1  μm2, respectively 
(Figure  2A). Hyphae had approximately twofold increased SA 
and were fivefold longer than the yeast cell diameter at the time 
cells were harvested. These values are comparable with those in 
previous reports (47). The average growth rate of hyphae grown 
in RPMI1640 plus 2.5% serum was 9.0 ± 1.1 μm/h. For C. albicans 
strains SC5314, NGY152, and the hypha-forming species Candida 
dubliniensis (strain CD36), there was a negative correlation 
between hypha to yeast cell surface ratio and TNFα production 
by human PBMCs (Figure 2B). Longer hyphae induced progres-
sively less TNFα production per unit of cell surface (data not 
shown). We conclude that hyphae induce less TNFα than yeast 
cells and that the hypha surface may in some way suppress TNFα 
production by the cell wall of the attached parent yeast cell or 
that the yeast cell wall may be modified during the process of 
germ tube formation, so that it becomes less inductive of cytokine 
formation.

hypha Formation and cytokine induction 
by human PBMcs
In order to confirm whether this observation was indeed related 
to cell morphology rather than the growth conditions used to 
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FigUre 3 | TnFα production by human peripheral blood mononuclear 
cells stimulated with morphological mutants of Candida albicans 
mutants or other yeast species. (a) C. albicans NGY152 (WT), JKC19 
(cph1Δ), HLC52 (efg1Δ), HLC54 (cph1Δ/efg1Δ), WYZ12.2 (hgc1Δ), and 
Bca2-10 (tup1Δ). Results are means ± SEM (n = 6; *p < 0.05). (B) TNFα 
stimulation by non-hypha-forming species Saccharomyces cerevisiae 
(S288C) and Candida glabrata (ATCC 2001) compared to hypha-forming 
species C. albicans (NGY152) and Candida dubliniensis (CD36) (*p < 0.05). 
Error bars = SEM (n = 9).

FigUre 4 | stimulation of cytokine production by human peripheral blood mononuclear cells (PBMcs) interacting with Candida albicans yeast cells 
and hyphae. Human PBMCs in RPMI 1640 were preincubated 1 h with either C. albicans NGY152 yeast cells or hyphae and then stimulated with a second cell 
type for 24 h. HKY, heat-killed yeast; LH, live hyphae; HKH, heat-killed hyphae (*p < 0.05; n = 12).
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generate yeast and hyphae, we compared the immune response 
of hyphae generated in different growth media. Live and HK 
hyphae generated in either YPD medium supplement with FCS, 
Lee’s medium, minimal medium (SC) added with GlcNAc, or in 
dilute FCS, were universally poorer inducers of TNFα, IL-1α, 
IL-1β, IL-6, and IL-10 (Table S1 in Supplementary Material) than 
yeast cells. Therefore, the reduced ability of C. albicans hyphae to 

stimulate cytokine production was independent of the hyphal-
inducing growth conditions used.

Next, we investigated the TNFα simulation by yeast cells of 
Candida glabrata and Saccharomyces cerevisiae (48), which, 
unlike C. albicans and C. dubliniensis, are not able to form hyphae 
or pseudohyphae. Yeast cells of S. cerevisiae, C. glabrata, and C. 
dubliniensis stimulated comparable levels of TNFα cytokine 
when grown at 25 and 37°C (Figure  3B). C. dubliniensis yeast 
cells induced less TNFα than C. albicans, when grown at 25°C. 
However, as with C. albicans, C. dubliniensis yeast grown at 25°C 
induced more cytokine than hyphae grown at 37°C. Therefore, 
the hyphae of both C. albicans and C. dubliniensis stimulated less 
TNFα than the respective yeast form.

We then assessed the ability of various mutants that regulate 
morphogenesis to stimulate cytokine production. The cph1Δ 
mutant was still able to form hyphae under the experimental 
conditions used (93% hypha production), and these cells did not 
stimulate a high level of TNFα by human PBMCs (Figure 3A). In 
comparison, the efg1Δ mutant mainly produced pseudohyphae 
(more than 90%) and stimulated only about 15% of TNFα of the 
control HK wild-type yeast cells. The cph1Δ/efg1Δ double mutant 
was unable to form hyphae at 37°C and stimulated significantly 
higher amounts of TNFα at 37°C than the hyphal wild-type 
parent (Figure  3A). Another yeast-locked hgc1Δ mutant also 
induced higher levels of TNFα at 37°C, although surprisingly 
this was also reduced at 25°C, indicating that Hgc1 influences 
TNFα stimulation in human PBMCs for both yeast and hyphae. 
By contrast, the pseudohypha-locked tup1Δ mutant stimulated 
a poor cytokine production at both 25 and 37°C (Figure  3A). 
Similar results for TNFα were observed for IL-1α, IL-1β, IL-6, 
and IL-10 (data not shown).

Next, we investigated the apparent ability of the germ tube to 
inhibit the ability of the mother yeast cells to stimulate TNFα 
cytokine production. PBMCs were pretreated with live or HK 
yeast or hyphae for 1 h, then a second stimulus of the same or 
another morphotype was added. PBMCs preincubated with HK 
yeast cells and then stimulated with either live or HK hyphae were 
not compromised in their ability to produce TNFα (Figure 4). 
Reciprocally when HK hyphae were preincubated with PBMCs 
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and then stimulated with HK yeast cells, there was a no significant 
reduction in the cytokine response (Figure 4). When yeast cells 
and hyphae were mixed together in a ratio 1:1, there was a strong 
cytokine production comparable to that elicited with HK yeast 
cells alone. Therefore, germ tubes with an attached parent yeast 
cell did not induce a response that would normally be associated 
with free yeast cells; however, hyphae did not block cytokine 
stimulation by yeast cells presented in trans.

The possibility that C. albicans reduced cytokine production 
by hyphae was due to blocking receptors on immune cells was 
tested by coincubating hyphal cells with various TLR ligands 
including Pam3CSk4, LPS, zymosan, flagellin, and curdlan. 
However, C. albicans hyphae did not block nor reduce TNFα, 
IL-1β, or IL-1α stimulated by these TLRs ligands used (Figure S2 
in Supplementary Material).

cell Wall composition and the immune 
response
The fungal cell wall contains most of the PAMPs recognized 
by the innate immune cells (4, 11). Thus, we next assessed the 
ability of yeast and hyphal cells with specific cell wall defects 
to stimulate cytokine production by human PBMCs. A chs3Δ 
null mutant with a low chitin content at the cell wall (49), and a 
mnn4Δ mutant (50) lacking cell wall mannosylphosphate, were 
unaffected in the PBMC-induced cytokine production, compared 
to wild-type control cells (Figure  5A). A pmr1Δ mutant (51), 
which is deficient in yeast and hyphal cell wall N- and O-linked 
mannan, induced a reduced cytokine response by HK yeast cells, 
but an increased cytokines response from live and HK hyphae. 
This suggests that for yeast cells the lack of mannan reduced the 
overall immune response, while in hyphae the major effect of 
mannan depletion was to reveal subsurface immunostimulatory 
ligands such as β-glucan. In the O-mannosylation mnt1/mnt2Δ 
mutant (52), and the core N-mannan mns1Δ mutant (45) the 
secretion of most cytokines was enhanced or not affected in yeast 
or hyphal cells. IL-1α secretion from monocytes was enhanced 
to the greatest extend in the pmr1Δ, mnt1/mnt2Δ, and mns1Δ 
mutants in both yeast and hyphal cells (Figure 5B).

We compared the cytokine levels produced by a number of 
mutants that lacked hypha-associated cell wall proteins includ-
ing als3Δ (53), hwp1Δ (54), hyr1Δ (55), and ece1Δ (56) with 
those stimulated with wild-type control cells. Only the hwp1Δ 
HK mutant hyphae stimulated a higher cytokine production 
than wild-type control cells (Figure 5C). Unexpectedly, despite 
the hypha-specific expression pattern for HYR1 (55), the 
hyr1Δ mutant yeast cells stimulated a slightly reduced cytokine 
response from human PBMCs compared to wild-type control 
cells (Figure 5C). The hwp1Δ mutant showed no significant dif-
ferences in mannan, glucan, and chitin content of the cell wall, 
when compared to wild-type control cells in both morphologies 
(Table  1), suggesting that this proteins may act in masking 
cytokine stimulating PAMPs in the cell wall. By contrast, yeast 
and hyphal cells of the mns1Δ and pmr1Δ mutants displayed a 
significant reduction in cell wall mannan and increased levels of 
glucan (Table 1). Therefore, cell wall mannosylation and the pres-
ence of Hwp1 were important for the reduced ability of hyphae of 
C. albicans to induce cytokines by human PBMCs.

We also tested the effect of deletion of the yeast-specific gene 
PGA29 on cytokine production by human PBMCs and noted that 
this HK mutant induced less TNFα under conditions of yeast 
growth (Figure S3 in Supplementary Material). The reconstituted 
heterozygous pga29/PGA29 mutant restored the TNFα induction 
to normal levels. Therefore, morphology-specific cell wall pro-
teins of both yeast and hyphae influenced immune recognition.

C. albicans Pseudohyphae stimulate 
intermediate cytokine levels from human 
PBMcs
We then examined the ability of pseudohyphae to induce cytokine 
production. We deployed a method in which changes in tempera-
ture alone could generate yeast cells, pseudohyphae, or hyphae 
(41, 57). When C. albicans NGY152 was grown in RPMI 1640 
medium at a neutral pH and at 30°C for 6 h (Figure 6A), it repro-
ducibly resulted in a largely pseudohyphal population (~90%). For 
this strain, growth at 25°C yielded yeast cells (MI = 0.65 ± 0.06, 
mean ± SEM), 30°C yielded pseudohyphae (MI = 2.34 ± 0.19), 
and 37°C yielded hyphal forms (MI = 8.65 ± 0.73) (Figure 6B).

Next, we investigated cytokine production of human PBMCs 
stimulated with pseudohyphae in comparison to yeast and 
hyphae. In a range of experiments pseudohyphal cell populations 
generated reproducibly intermediate levels of TNFα and other 
cytokines from live and HK cells, although the differences were 
not always significant at p < 0.05 and the level of significance var-
ied depending on whether the average MI of a given population of 
pseudohyphae was sufficiently distinct from that of populations 
of yeast cells or hyphae (Figures 6A–D). There was a statistically 
significant correlation between the level of TNFα and IL-1β 
cytokine from PBMCs and the MI of C. albicans cells inducing 
these cytokines (Figure 6E).

DiscUssiOn

Multiple independent studies have proposed a positive cor-
relation between the formation of C. albicans hyphae and an 
enhanced capacity for tissue invasion, damage, and virulence (6, 
33, 39). However, the significance of C. albicans morphogenesis 
on the innate immune response has not been fully characterized. 
Here, the interaction of yeasts, pseudohyphae, and hyphae of 
this fungus with cells of the human innate immune system was 
investigated using cytokine production by human PBMCs as an 
immunoassay readout. We demonstrate that yeast cells generated 
more inflammatory cytokines from PBMCs than hyphae, and 
that pseudohyphae generated intermediate cytokine levels. These 
differences were observed in independent strains for cells gener-
ated in different growth media. Heat killing of cells has been used 
frequently in immunological studies of C. albicans to prevent 
cells undergoing filamentation in response to serum components 
of cell culture media when exposing Candida to immune cells 
during cytokine induction assays (58, 59). HK cells had enhanced 
immune responses, which has been interpreted as being due to 
heat-induced permeabilization of the cell wall and subsequent 
exposure of the underlying β1,3-glucan layer, which is strongly 
immunogenic (18). Our data support this hypothesis and suggest 
that HK cells generate a greater cytokine signal because more 
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FigUre 5 | cytokine production stimulated by cell wall mutants of yeast and hyphal cells. (a) Cytokine production stimulated by human PBMCs with 
LY—live yeast; HKY—heat-killed yeast; LH—live hyphae; HKH—heat-killed hyphae; Candida albicans mnn4Δ and chs3Δ and control strains, NGY152 and CAF2-1. 
(B) Cytokine stimulation with mannosylation defective mutants, pmr1Δ, mnt1Δ/mnt2Δ, and mns1Δ. (c) als3Δ, hwp1Δ, hyr1Δ, and ece1Δ. Results presented as 
mean ± SEM (n = 6), and the asterisks indicate comparison of the wild-type values and the mutant strains (*p < 0.05).

Mukaremera et al. Candida Morphogenesis and Immune Response

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 629152

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


TaBle 1 | cell wall composition of Candida albicans strains.

strain glucosamine glucose Mannose

Yeast morphology
WT 1.01 ± 0.4 58.31 ± 2.25 40.68 ± 2.19
hwp1Δ 0.77 ± 0.46 52.99 ± 0.77* 46.24 ± 0.34*
mns1Δ 0.91 ± 1.18 88.71 ± 2.34* 10.38 ± 0.96*
pmr1Δ 1.50 ± 2.05 99.55 ± 3.63* 0.50 ± 1.33*

hypha morphology
WT 4.77 ± 0.32# 87.18 ± 1.54# 8.06 ± 0.99#

hwp1Δ 5.63 ± 0.93# 83.68 ± 2.57# 10.68 ± 1.75#

mns1Δ 6.10 ± 1.34# 87.61 ± 1.59 6.29 ± 0.18#

pmr1Δ 1.48 ± 0.74* 97.72 ± 2.01* 0.80 ± 0.68*,#

Means ± SD (n = 3) *p < 0.05 when comparing the mutant strain with the wild-type 
control cells.
#p < 0.05 when comparing hyphae with yeast cells.
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PAMPs can engage collaboratively with PRRs, thus resulting in 
coreceptor amplification of the cytokine response (18, 60–62).

Although the hyphae used in these experiments also had a 
parental yeast cell, the combined cytokine signal due to the hypha 
plus parent yeast cell was significantly less than that expected 
from the yeast cell alone. This may suggest that either the yeast 
cell surface of germ tube matures to become different from that 
of a free yeast cell or that an unknown mechanism operates in 
germ tubes that are able to block cytokine induction due to the 
mother yeast cell. However, if a blocking signal is present, it does 
not operate in “trans” since hyphae added after free yeast cells 
were used to stimulate PBMCs did not interfere with the ensuing 
yeast cell stimulated cytokine response. Interestingly, hyphae of 
C. dubliniensis also stimulated less cytokine from PBMCs than 
yeast cells. The genomes of C. albicans and C. dubliniensis are 95% 
identical, and the cell walls are also thought to be of similar com-
position, although there are notable differences in the cell wall 
proteome (63). These closely related Candida species therefore 
show both common aspects and some differences in the nature 
of the immune response to yeast and hyphal cells.

Different immune cell types respond differently to C. albicans 
yeast and hyphae. For example, C. albicans hyphae induce higher 
levels of TNFα than yeast cells in macrophages (64, 65), while 
yeast and hyphae stimulate comparable levels of IL-8 cytokine by 
human neutrophils (47). It was shown that C. albicans induced 
different cytokine responses from oral and vaginal epithelial 
cells, and that hyphae induced higher cytokine levels than yeast 
cells in both epithelial cell types (32, 66). However, our findings 
reinforce previous studies where C. albicans filaments (hyphae 
and pseudohyphae) were reported to stimulate the production 
of less IL-12, IFN-γ, IL-1β, and IL-12p70 by human PBMCs and 
murine splenic lymphocytes than C. albicans yeast cells (30, 58, 
67–69). It was also previously reported that TLR4-mediated pro-
inflammatory signals were diminished during the germination of 
C. albicans yeast cells into hyphae (30). Supporting this, we show 
that C. albicans cells grown at 37°C have a progressively reduced 
TNFα cytokine response. In addition, it was reported that C. albi-
cans hyphal cell walls also stimulated less chemokines than yeast 
cell walls (68), and it was suggested that this may be due to surface 
expression of β1,6-glucan being lower on hyphae compared to 
yeast cells. The cell SA of each individual hyphal compartment is 

larger than that of a yeast cell, and hyphae have no bud scars where 
inner wall layers are exposed (29). Therefore, it is possible that the 
density of certain immune agonists is less concentrated on the 
hyphal surface than on yeast cells. Also, progressive elongation of 
hyphae in vivo has been shown to result in increasing exposures 
of β1,3-glucan (70). Hence, cellular morphogenesis leading to 
filamentous growth of C. albicans leads to important progressive 
modifications of cell wall composition and architecture that has 
profound and differing effects on the immune response.

Cell wall polysaccharide analysis showed that yeast cell walls 
contained significantly higher amounts of mannan but lower 
amounts chitin and glucan compared to that of hyphal cell walls 
(Table 1). The reduction of mannan and increase in chitin content 
of hyphal cell walls might also be related to the lower cytokine 
responses to C. albicans hyphae (28, 45, 71, 72). Our results 
underline the importance of N- and O-linked mannans in the 
recognition of C. albicans hyphae by human PBMCs (Figure 5) 
since N- and O-mannan mutants (45, 52), but not chitin and 
phosphomannan mutants, stimulated the production of higher 
levels of cytokines that wild-type hyphae.

Although the primary polysaccharides in the cell wall are likely 
to have a major influence on immune recognition, it was noted 
that a HK hwp1Δ cell wall protein deletion mutant induced an 
increased cytokine signal, despite having no measurable altera-
tion in hyphal mannan or glucan content. Similarly, a mutant 
lacking MNS1 grown under hyphal-inducing conditions showed 
insignificant changes in cell wall components, but substantial 
reduction in cytokine production. However, the mns1 yeast cells 
had 34% increased glucan as a compensation of 70% reduction in 
mannan, and a reduced cytokine profile. Therefore, there was no 
direct or universal correlation between cytokine induction and 
gross cell wall polysaccharide composition.

Our observations suggest that surface proteins, polysac-
charides, and virulence factors are regulated or modified during 
filamentous growth resulting in changes in the immune response. 
Such changes in the incorporation of surface cell wall proteins 
on cells of different morphology could mask or unmask PAMPs, 
thereby blocking or promoting PRR engagement.

The presence of C. albicans hyphae could potentially compete 
with yeast cells for the ability to bind PRRs and stimulate immune 
cells. This would be important if specific yeast cell wall proteins 
are important for immune recognition and activation. We 
observed that a pga29 mutant grown in the yeast form stimulated 
less TNFα from human PBMCs. This cell wall protein Pga29 has 
homologs in several pathogenic Candida spp. and is abundant 
in yeast cell walls in C. albicans but not in hyphae (73). Deletion 
of PGA29 resulted in decreased glucan–mannan in the cell wall, 
and reduction of TNFα, IL-6, and IL-8 stimulated by oral recon-
stituted human epithelial cells (74). Therefore, both yeast and 
hypha-specific cell wall proteins may directly modulate immune 
responses.

It is also possible that C. albicans hyphal cells may produce 
secreted molecules that suppress immune recognition. Quorum-
sensing molecules, such as farnesol, tyrosol, phenylethanol, 
and tryptophol, produced by C. albicans, play a key role in 
morphogenesis (75–77), and tyrosol acts negatively on cytokine 
production stimulated by RAW 264.7 macrophages induced 
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FigUre 6 | cytokine production by hPBMcs stimulated by different Candida albicans morphological forms. (a) Yeasts (i–ii), pseudohyphae (iii–iv), or 
hyphae (v–vi) of C. albicans NGY152 were grown in RPMI 1640 (pH 7) for 6 h at 25, 30, and 37°C, respectively, fixed, and stained with 25 µg/ml CFW to visualize 
the cell wall. Scale bars = 10 µm. (B) Morphological index (MI) of yeast, pseudohyphal, and hyphal cells was measured. Error bars are SEMs (averages from 50 cell 
measurements and 4 biological replicates) (*p < 0.05; **p < 0.01). (c) TNFα cytokine production elicited by human peripheral blood mononuclear cells (PBMCs) with 
HK NGY152 of yeast (Y), pseudohypha (PH), and hypha (H) cells. Each replicate (R1–R4) were averaged as total values. Data are means ± SEM (n > 6; *p < 0.05). 
(D) IL-6, IL-1β, IL-1α, and IL-10 cytokine production elicited by human PBMCs with HK of yeast (Y), pseudohypha (PH), and hypha (H) cells. Data are means ± SEM 
(n > 6; *p < 0.05). (e) Correlation between TNFα or IL-1β cytokine and MI. Results are Person R values (n = 4 biological replica).
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by lipopolysaccharide (78). However, we showed that neither 
live nor HK hyphae could suppress yeast cell-induced cytokine 
production in trans; therefore, soluble factors were not suggested 
as playing a significant role in our experiments.

Our observations and those of previous studies (30, 58, 
68, 69) demonstrate that C. albicans hyphae stimulated lower 
cytokine production by PBMCs than C. albicans yeast cells, 
thus indicating that C. albicans hyphae may help to evade or 
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alter the host immune response. However, it is clear that C. 
albicans hyphae induced strong cytokine responses and caused 
more damage to epithelial cells, while yeast cells did not trigger 
cytokine responses (66, 79, 80). Also, C. albicans hyphae induce 
stronger cytokine responses that yeast cells from macrophages 
(64, 65). The common denominator of these various reports is 
that cellular morphogenesis plays an important role in deter-
mining the immune response to C. albicans, but the nature 
of this response is both host cell type specific and pathogen 
morphotype dependent. These data underline the perspective 
that C. albicans presents a moving target to the cells of the innate 
immune response.

eThics sTaTeMenT

Blood samples were used in this study to generate human  
peripheral blood monocytes. Samples were collected from 
healthy volunteers according to local guidelines and regulations, 
as approved by the College Ethics Review Board of the University 
of Aberdeen (CERB/2012/11/676).

aUThOr cOnTriBUTiOns

LM and KL performed experiments. NG, HM-M, LM, and KL 
conceived and designed experiments and analyzed the data. NG 
and HM-M supervised the project. LM, KL, and NG contrib-
uted to writing of the manuscript. All the authors reviewed the 
manuscript.

acKnOWleDgMenTs

The authors thank Amy Whittington for preliminary experi-
ments on in vitro induction of pseudohyphae and Mihai Netea for 
discussions. The authors also thank Michael Weig for the pga29 
strains.

FUnDing

NG and AW were supported by the Wellcome Trust (086827, 
075470, 097377, 101873, and 200208); the European Union 
ALLFUN (FP7/2007 2013, HEALTH-2010-260338), and the 
MRC Centre for Medical Mycology for funding (N006364/1). 
LM was supported by a SORSAS (Scottish Overseas Research 
Students Award Scheme) from the University of Aberdeen and 
Funding from the Rwandan Government.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found 
online at http://journal.frontiersin.org/article/10.3389/fimmu. 
2017.00629/full#supplementary-material.

FigUre s1 | cell damage assay of hPBMc stimulated with Candida 
albicans. Lactate dehydrogenase activity released from 5 × 105 hPBMCs into 
the culture medium was determined after 24 h stimulated with either C. albicans 
heat-killed yeast or HKH at the different number of cells from 1 × 102 to 1 × 106 
cells. The result represented as a percentage relative to 100% cell death of 
hPBMCs when killed with 2% Triton-X-100. Error bars = SEM (n = 4).

FigUre s2 | cytokine production by hPBMcs stimulated by different 
Candida albicans coincubated with toll-like receptors (Tlrs) ligands. 
Human peripheral blood mononuclear cells were stimulated using a mixture of  
C. albicans cells and TLRs ligands. Cells were either live (L) or heat-killed (HK), 
and yeast (Y) or hyphae (H). TLRs ligands used were flagellin (for TLR5), LPS  
(for TLR4), Pam3CSK4 (for TLR2/TLR1), zymosan, and curdlan (for Dectin-1). The 
cytokines measured were TNF-α (a), IL-6 (B), IL-1β (c), IL-1α (D), and IL-10 
(e). IL-10 was barely detectable and could not be evaluated. Data are 
means ± SEM (n > 3; *p < 0.05). ND, not detectable.

FigUre s3 | TnFα cytokine production by hPBMcs incubated with 
Candida albicans lacking PGA29. C. albicans cells lacking PGA29 was grown 
in RPMI 1640 + 2.5% fetal calf serum at 25 or 37°C for 3.5 h. Cells were 
collected and heat killed. The mutant was incubated with hPBMCs for 24 h. 
Then, TNFα cytokine production was determined (see Methods and Materials). 
Data are means ± SEM (n > 9; *p < 0.05; ***p < 0.001).

TaBle s1 | C. albicans and other fungal strains used in this study.
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Fluorescent Tracking of Yeast 
Division clarifies the essential 
role of spleen Tyrosine Kinase in 
the intracellular control of Candida 
glabrata in Macrophages
Zeina Dagher1, Shuying Xu1, Paige E. Negoro1, Nida S. Khan1,2, Michael B. Feldman3, 
Jennifer L. Reedy1, Jenny M. Tam1, David B. Sykes4 and Michael K. Mansour1*

1 Division of Infectious Disease, Massachusetts General Hospital, Harvard Medical School, Boston, MA, United States, 
2 Biomedical Engineering and Biotechnology, University of Massachusetts Medical School, Worcester, MA, United States, 
3 Division of Pulmonary and Critical Care, Massachusetts General Hospital, Boston, MA, United States, 4 Center for 
Regenerative Medicine, Massachusetts General Hospital, Boston, MA, United States

Macrophages play a critical role in the elimination of fungal pathogens. They are 
sensed via cell surface pattern-recognition receptors and are phagocytosed into newly 
formed organelles called phagosomes. Phagosomes mature through the recruitment 
of proteins and lysosomes, resulting in addition of proteolytic enzymes and acidification 
of the microenvironment. Our earlier studies demonstrated an essential role of Dectin- 
1-dependent activation of spleen tyrosine kinase (Syk) in the maturation of fungal 
containing phagosomes. The absence of Syk activity interrupted phago-lysosomal 
fusion resulting in arrest at an early phagosome stage. In this study, we sought to 
define the contribution of Syk to the control of phagocytosed live Candida glabrata in 
primary macrophages. To accurately measure intracellular yeast division, we designed 
a carboxyfluorescein succinimidyl ester (CFSE) yeast division assay in which bright 
 fluorescent parent cells give rise to dim daughter cells. The CFSE-labeling of C. glabrata 
did not affect the growth rate of the yeast. Following incubation with macrophages, 
internalized CFSE-labeled C. glabrata were retrieved by cellular lysis, tagged using 
ConA-647, and the amount of residual CFSE fluorescence was assessed by flow 
cytometry. C. glabrata remained undivided (CFSE bright) for up to 18 h in co-culture 
with primary macrophages. Treatment of macrophages with R406, a specific Syk 
inhibitor, resulted in loss of intracellular control of C. glabrata with initiation of division 
within 4  h. Delayed Syk inhibition after 8  h was less effective indicating that Syk is 
critically required at early stages of macrophage–fungal interaction. In conclusion, we 
demonstrate a new method of tracking division of C. glabrata using CFSE labeling. 
Our results suggest that early Syk activation is essential for macrophage control of 
phagocytosed C. glabrata.

Keywords: Candida, Candida glabrata, macrophages, spleen tyrosine kinase, phagosome, carboxyfluorescein 
succinimidyl ester
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inTrODUcTiOn

The fungal pathogen Candida glabrata is a common cause of inva-
sive bloodstream infections in immunocompromised patients 
(1). With the rise of organ transplantation, immunosuppressive 
chemotherapy, implanted medical devices, and antibacterial use, 
C. glabrata has emerged as a frequently isolated species, account-
ing for 20% of systemic bloodstream Candida-related infections 
in North America (2, 3).

In vitro, following interaction with human or murine mac-
rophages, C. glabrata undergoes phagocytosis. Despite being inter-
nalized, C. glabrata survives and replicates inside host immune 
cells (4, 5). Intracellular killing of C. glabrata by macrophages is 
only about 10% effective (6). The capacity of this Candida spe-
cies to evade the innate immune system complicates evaluation 
of intracellular pathogen control by simple phago cytosis assays. 
A more sensitive and accurate approach to quantifying C. glabrata 
intracellular proliferation is required to understand and identify 
the relevant pathogen–host interactions.

The carboxyfluorescein diacetate succinimidyl ester (CFSE) 
assay is a well-established method to fluorescently track lymphocyte 
cellular division (7, 8). The succinimidyl moiety of the dye cova-
lently attaches to cellular aliphatic amine groups, forming stable 
amide bonds (9). This covalent-coupling dye allows for tracking of 
lymphocyte proliferation; each progressive cell division results in 
a twofold dilution of the fluorescent signal between daughter cells 
(10, 11). Unlike labeling techniques that rely on microscopic evalu-
ation, CFSE can be visualized by both fluorescence microscopy and 
can be formally quantitated by flow cytometry (12). CFSE is highly 
fluorescent, has an excitation/emission profile at 491/518  nm, is 
 stable in long-term tracking, and can be used in vitro and in vivo (10).

Although most published reports have used CFSE to monitor 
lymphocyte proliferation, recent studies have also used the dye 
to follow proliferation of other mammalian and non-mammalian 
cell types, such as bacterial cells and parasites (13, 14). CFSE also 
successfully labeled Paracoccidioides yeast in a flow cytometry 
based phagocytosis study, although the tracking of proliferation 
was not evaluated (15).

Here, we have applied the CFSE proliferation-tracking proper-
ties to C. glabrata, though several factors require special consid-
eration. Unlike animal cells, fungi possess a cell wall composed of 
extracellular carbohydrate-rich polymers. CFSE brightly labels the 
cell wall, though does not permeate the yeast to label intracellular 
structures. Additionally, unlike mammalian cells where the cell 
membrane is shared symmetrically (in equal amounts) between 
daughter cells (16), the yeast cell wall is shared asymmetrically, 
with the budding yeast generating an almost-entirely new cell 
wall (17). This new (and CFSE-unlabeled) cell wall is synthesized 
at growing cell tips through the localization and activation of cell 
wall carbohydrate synthases (18, 19). Thus, unlike CFSE assays in 
lymphocytes, the CFSE labeling of yeast such as C. glabrata does 
not allow one to track beyond a single division.

Following infection, tissue macrophages sense fungi through 
the expression of pattern-recognition receptors (PRRs), such as 
Dectin-1 and Dectin-2, which recognize fungal cell wall carbohy-
drates (5, 20). Recognition through PRRs triggers phagocytosis, 
engulfing microorganisms within phagosomes, eventually fusing 

with additional subcellular compartments including lysosomes 
for acidification and killing (21). The process of acidification is 
termed phagosomal maturation, which in response to fungal 
cell wall ligands, is spleen tyrosine kinase (Syk)-dependent (22). 
Syk activation and signal transduction is central for immune 
activation in several immune cells (23). PRRs share the ability to 
associate with immunoreceptor tyrosine-based activation motifs 
(ITAM) in their cytoplasmic domains, leading to Syk recruitment 
and phosphorylation, resulting in downstream events including 
phagocytosis, and the production of reactive oxygen species 
(ROS) and proinflammatory cytokines (24–26). The central role 
of Syk in activation of several innate and adaptive immune cells 
has made this kinase a promising target for the development of 
anti-inflammatory therapeutics (27, 28).

Although the role of Syk in intracellular signaling has been 
studied extensively, its involvement in the response to  intracellular 
pathogens in innate immune cells, such as macrophages, is not 
delineated (23, 26). In this study, we introduce a CFSE-labeling 
assay that allows for intracellular tracking of yeast proliferation 
in macrophage phagosomes. We demonstrate that CFSE is a reli-
able method of evaluating C. glabrata division by fluorescence 
microscopy and quantitatively by flow cytometry. Employing the 
CFSE assay, we show that Syk inhibition in macrophages results 
in the loss of the ability to control C. glabrata proliferation. This 
loss of C. glabrata division control is independent of phagocytosis 
and is not a result of failure to activate the Dectin-1 and Dectin-2 
pathways. These observations highlight CFSE live labeling as a 
useful and convenient tool for measuring yeast proliferation 
accurately and support further investigation into the role of Syk 
in antifungal immunity.

MaTerials anD MeThODs

reagents
R406 was purchased from Santa Cruz Biotechnology (Dallas, 
TX, USA), Nonidet P40 (NP40) and peptone from American 
Bioanalytical (Natick, MA, USA), CFSE dye, and all other 
chemicals from Sigma (St. Louis, MO, USA) unless otherwise 
stated. Wild type C. glabrata (ATCC2001) was purchased from 
the American Type Culture Collection (ATCC, Manassas, VA, 
USA). Cell lysis buffer consisted of 4× NP40 containing 40 mM 
Tris–hydrochloric acid, 600 mM sodium chloride, 20 mM mag-
nesium chloride, and 4% NP40 titrated to pH 7.5. Yeast culture 
media liquid YPD contained 1% yeast extract (BD Biosciences, 
San Jose, CA, USA), 2% peptone, and 2% dextrose. Cell culture 
media (RPMI-complete) was composed of RPMI 1640 (Corning, 
Tewksbury, MA, USA) with 2  mM l-glutamine, 10% heat-
inactivated fetal bovine serum, and 1% penicillin–streptomycin 
(ThermoFisher Scientific, Waltham MA, USA).

Yeast culture and cFse staining
Candida glabrata were grown overnight shaking in liquid YPD 
at 30°C, washed three times in phosphate buffered saline (PBS), 
counted using a Luna automated cell counter (Logos Biosystems, 
Annandale, VA, USA), and resuspended in PBS at the desired 
inoculum.
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To stain yeast with CFSE, wild type C. glabrata were grown 
to log phase in liquid YPD, washed twice in 1 mL PBS, and 160 
million yeast were stained with 25  µg/mL CFSE for 30  min in 
4 mL PBS at 30°C on a vertical rotator. Yeasts were washed twice 
in 10  mL PBS containing 2% bovine serum albumin (BSA) to 
remove excess CFSE. Stained yeast cells were resuspended in 
1 mL PBS and passed through a 25G 7/8-inch needle 10 times to 
dissociate clumps into single cell suspension.

calcofluor White staining
To stain all intracellular yeast cells, macrophages were fixed and 
permeabilized with 4% paraformaldehyde (Electron Microscopy 
Sciences, Hatfield, PA, USA) for 20 min at room temperature in 
the dark. Cells were washed three times with PBS and incubated 
in 10% calcofluor white solution in PBS for 15 min and imaged 
using confocal microscopy with 405 nm laser excitation.

collection of Murine Peritoneal 
Macrophages
Eight-week-old inbred C57BL/6 mice (Jackson Laboratory, ME, 
USA), Dectin-1−/− (B6 background, a gift from Dr. Gordon Brown, 
University of Aberdeen, UK) (29), or Dectin-2−/− (B6 background, 
a gift from Dr. Marcel Wuethrich, University of Wisconsin) 
(30) were housed in a specific pathogen-free facility at the 
Massachusetts General Hospital (MGH, Boston, MA, USA). All 
animal experiments were approved by the MGH Institutional 
Animal Care and Use Committee. Peritoneal macrophages were 
isolated from mice following intraperitoneally instillation of  
2 mL thioglycollate (Northeast Laboratory, Waterville, ME, USA). 
After 3 days, the mice were euthanized and the peritoneum lavaged 
with 10  mL RPMI-complete to retrieve cells. Intraperitoneal cells 
were washed and plated at a density of 300,000 cells per well in 500 µL 
RPMI-complete in 24-well dishes and allowed to adhere overnight. 
Non-adherent contaminating cells were washed away after 24  h 
resulting in a >95% pure, viable macrophage population as deter-
mine by anti-Mac 1 staining using flow cytometry (data not shown).

co-culture of Peritoneal Macrophages 
and cFse-C. glabrata
The media in each 24-well was reduced to 250 µL and wells were 
treated with R406 dissolved in DMSO or DMSO only either 10 min 
prior to C. glabrata inoculation or 2, 4, or 8  h after C. glabrata  
inoculation. A total of 200,000 CFSE-labeled C. glabrata were 
added for a final MOI of 0.6. Plates were centrifuged for 1 min at 
700 × g to facilitate cell-ligand contacts and incubated at 37°C with 
5% CO2. After the time indicated, the macrophages were lysed with 
100 µL of 4× NP40 on ice for 5 min. Well contents were centrifuged 
for 7.5 min at 10,000 rpm. The pellets were then fixed with 4% for-
maldehyde for 10 min in the dark and washed with PBS/2% BSA. 
Concanavalin A conjugated to Alexa Fluor 647 (ThermoFisher, 
Waltham, MA, USA) at a final concentration 3 µg/mL was added 
for 20 min in the dark to stain C. glabrata. Yeast were washed and 
resuspended in PBS/2% BSA for flow cytometry.

Macrophage Phagocytosis of C. glabrata
To assess macrophage phagocytosis, CFSE-C. glabrata were 
co-incubated with macrophages in the presence or absence of 

inhibitor for the time indicated. Plates were transferred onto 
ice, wells washed with PBS, then macrophages mechanically 
lifted, and strained through a 40-μm filter and immediately 
subjected to flow cytometry gating on the macrophage popula-
tion. The phagocytosis percent was measured as the number 
of CFSE positive macrophages over the total macrophage cell 
number.

reactive Oxygen species
Reactive oxygen species was measured as described (31), briefly 
macrophages were plated at 5 × 104 cells/well in white wall 96-well 
plate (Costar, Cambridge, MA, USA). Cells were placed on ice 
and washed three times with PBS. Lucigenin solution (0.9 mM 
CaCl2, 0.5 mM MgCl2, 20 mM dextrose, and 20 µM lucigenin) 
was added, and cells were incubated on ice for 10 min. Heat-killed 
C. glabrata for 10 min were added at an effector to target ratio 
of 25, and then the plate was centrifuged at 750 × g for 1 min 
to facilitate cell-ligand contacts. An initial reading was then 
taken immediately after centrifugation for baseline. The plate 
was then incubated at 37°C and read with SpectraMax i3x reader 
(Molecular Devices, Sunnyvale, CA, USA) for total luminescence 
every 10 min for 2 h.

confocal Microscopy
2 × 104 peritoneal macrophages were plated onto eight-chambered 
coverslip slides (LabTek, Thermo Scientific, Rochester, NY, USA) 
in RPMI-complete. CFSE-labeled C. glabrata were added at MOI 
1:1, spun at 700 g × 1 min for immediate co-culture and slides 
mounted on a Nikon Ti-E inverted microscope equipped with 
an EM-CCD camera (Hamamatsu Photonics K.K., Hamamatsu, 
Japan). The excitation source was an 89 North MultiLine 
LaserBank (89 North, Burlington, VT, USA) A piezo stage 
(Prior Instruments, Rockland, MA, USA) capable of X, Y, and 
Z movement was used for acquisition. A polarizer (Nikon, MEN 
51941) and Wollaston prisms (Nikon, MBH76190) were used to 
acquire differential interference contrast (DIC) images. Emission 
light from the samples was collected after passage through the 
appropriate emission filters (Semrock, Rochester, NY, USA) (32). 
Images were acquired using MetaMorph software (Molecular 
Devices, Downingtown, PA, USA), and processed using Adobe 
Photoshop CS5 and assembled in Adobe Illustrator, version CS5 
(Adobe Systems, San Jose, CA, USA).

Flow cytometric analysis of cFse
Carboxyfluorescein succinimidyl ester-labeled C. glabrata  that 
were fixed and stained with concanavalin A-Alexa Fluor 647 
were flowed using FACS Calibur flow cytometer (Becton-
Dickinson, San Jose, CA, USA) and CellQuest software (Becton- 
Dickinson). ConA-647 (FL4) was plotted on the y-axis and 
CFSE (FL1) on the x-axis and the percentage of CFSE bright 
undivided population was determined with FlowJo 10 (FlowJo, 
Ashland, OR, USA).

statistics
Statistical calculations were performed using GraphPad Prism 7 
software. Data were analyzed by two-tailed, unpaired t test and 
were considered significantly different when p ≤ 0.05.
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FigUre 1 | Carboxyfluorescein succinimidyl ester (CFSE) labels cell wall of 
Candida glabrata. (a) Differential interference contrast and (B) fluorescence 
confocal microscopy image of live C. glabrata stained with CFSE showing 
labeling of all yeast cells prior to cell division. Scale bar represents 5 µm.
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resUlTs

cFse labeling Tracks Division  
of C. glabrata
We evaluated CFSE staining of C. glabrata using fluores-
cence microscopy. C. glabrata were homogenously fluorescent 
throughout the cell wall, likely due to the high content of fungal 
cell wall esterases that permit CFSE activation and labeling. 
The  CFSE-labeled C. glabrata retained normal cell shape and 
morphology (Figure 1). Following 6 h in culture, CFSE-labeled  
C. glabrata were counter-stained with calcofluor white for chitin 
to delineate all yeast cells and visualized using confocal micros-
copy. All yeast cells were evenly stained with calcofluor white. 
Parent yeast cells were brightly CFSE-fluorescent, while daughter 
cells exhibited diluted CFSE leading to reduced fluorescence 
intensity as identified by flow cytometry (Figure 2A).

The consistent and predictable decrease in fluorescence permits 
quantitation of C. glabrata intracellular division as a marker of 
control by macrophages. While calcofluor allows visualization of all 
yeast cells using 405 nm laser excitation under confocal microscopy, 
our FACSCalibur is fitted with a blue and red laser incapable of 
exciting calcofluor. For these reasons, the total number of yeast were 
identified by labeling with concanavalin A conjugated to AF647 for 
flow cytometry. Therefore, a C. glabrata parent cell population is 
double-positive for CFSE and ConA-647, while divided daughter 
cells are CFSE-dim, but remain ConA-647 (Figure 2B).

With each cell division, the percent of the parent cells decrease, 
as daughter cell numbers rise and are easily distinguished via 
CFSE intensity. In fact, the diminished CFSE-bright parent cells 
was inversely proportional to the increase in the optical density of 
the growing yeast, confirming that the percentage of CFSE-bright 
cells accurately reflects yeast proliferation (Figure 2C). Moreover, 
CFSE-labeled and unlabeled C. glabrata proliferated at the same 
rate (as measured by OD600) indicating that the CFSE-labeling 
process does not affect yeast proliferation.

Macrophages control intracellular  
C. glabrata Proliferation Using syk
To evaluate the role of Syk in macrophages following exposure 
to C. glabrata, we used an in vitro co-culture system. Peritoneal 

macrophages were co-cultured with CFSE-labeled C. glabrata 
 parent cells and monitored for evidence of intracellular pro-
liferation. In wild type murine macrophages, yeast cells were 
phagocytosed by macrophages with high efficiency. There were 
rare numbers of extracellular yeast remaining as measured by 
microscopy (Figure 3A) and flow cytometry analysis of co-culture 
supernatant (data not shown). Following co-culture incubation, 
analysis of CFSE intensity of C. glabrata from lysed macrophages 
revealed that yeast did not divide for up to 16 h as measured by 
retained parent CFSE-bright (Figure 3B, top panel). However, in 
the presence of the reversible Syk inhibitor, R406, macrophages 
were unable to control C. glabrata division (Figure 3B bottom 
panel). Compared to untreated controls, R406-treated macro-
phages resulted in a diminished number of parent yeast and in 
a growing numbers of divided daughter population. While these 
yeast remained intracellular, they had escaped control and under-
gone division as noted by loss of CFSE (Figure 3C). To ensure 
that R406 does not alter growth kinetics of C. glabrata, division 
rates of C. glabrata in the presence of R406 and was not different 
from yeast control conditions (data not shown). These data sug-
gest that loss of Syk activity significantly impaired the ability of 
macrophages to control C. glabrata intracellular division.

early syk activity is required for 
intracellular C. glabrata control
Given that Syk is essential for control of C. glabrata division, 
we next sought to define the temporal relationship between 
Syk activity and yeast control. Macrophages that had engulfed 
C. glabrata were exposed to R406 continuously or following a 
2, 4, or 8-h delay from time of coincubation. Syk inhibition at 
the start, or 2- or 4-h resulted in a loss of macrophage control as 
evidenced by the significant decrease in the percent of undivided 
yeast (Figure 4). The delayed addition of R406 to 8 h, and beyond, 
did not have an influence C. glabrata division. These data suggest 
that it is the early Syk activity following macrophage phagocytosis 
of yeast that is required for intracellular C. glabrata control.

syk inhibition Does not affect 
Macrophage Phagocytosis
In certain cell types, Syk has been shown to play a role in 
cytoskeletal rearrangement and endocytosis (33). If the process 
of macrophage phagocytosis was impaired by Syk inhibition 
(R406), this might leave extracellular C. glabrata in an actively 
dividing state. To determine if Syk inhibition impacts the process 
of phagocytosis of C. glabrata by peritoneal macrophages, we 
measured phagocytosis by flow cytometry in the presence and 
absence of R406. Cytochalasin D, an actin polymerization inhibi-
tor, was used as a positive control inhibitor of phagocytosis.

We first determined the percent of macrophages that were 
associated with CFSE-bright C. glabrata. There was no differ-
ence in the ability of macrophages to phagocytose C. glabrata in 
the presence of R406 after 5 min (Figure 5). Macrophages that 
were treated with cytochalasin D showed dramatically reduced 
phagocytosis. The small percentage of yeast associated with 
cytochalasin D-treated macrophages as detected by flow pos-
sibly represents CFSE-bright C. glabrata attached extra cellularly 
to the macrophage membrane or incomplete inhibition of 
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FigUre 2 | Carboxyfluorescein succinimidyl ester (CFSE)-labeling marks Candida glabrata yeast division. (a) Differential interference contrast and fluorescence 
microscopy image of CFSE-labeled C. glabrata that have undergone division and stained with calcofluor white. Parental cells exhibit full CFSE labeling, while 
daughter cells have diluted CFSE labeling leading to dimmer fluorescence signal. Scale bar represents 5 µm. (B) Scatter plot of Con A-AF647 and CFSE fluorescence. 
CFSE-bright parental yeast population in upper right quadrant gate. Percent (scatter plot inset) of undivided CFSE-bright population was determined over time  
indicated. (c) Correlation of percent CFSE-bright population to OD600 nm of proliferating yeast. Data represent a minimum of three independent triplicate experiments.
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phagocytosis by cytochalasin D. These findings indicate that Syk 
plays a minor role in the process of macrophage phagocytosis 
of C. glabrata.

r406 inhibition of syk Does not result in 
Permanent Macrophage impairment
Given that Syk-mediated pathways are involved in multiple 
macrophage functions, we sought to determine if chemical Syk 
inhibition might result in a persistent hyporesponsive state. Given 
that ROS is a key mechanism in the response of macrophage to 
fungi, we evaluated ROS production in primary macrophages 
treated with R406 as compared to macrophages pulsed with R406 
and then washed free of the inhibitor.

With constant R406, ROS production was completely sup-
pressed (Figure 6). However, removal of R406 (following 2 h of 
exposure) restored ROS production to baseline levels. The obser-
vation that R406-pulsed macrophages were capable of generating 
robust ROS mirroring those of untreated control cells suggests 

that inhibition of Syk does not permanently alter the viability or 
biological activity of macrophages.

Dectin-1 and Dectin-2-Dependent syk 
activity are Dispensable for control of 
intracellular C. glabrata growth
Dectin-1 and Dectin-2 are upstream carbohydrate lectin PRRs 
that rely on Syk to regulate intracellular macrophage responses. To 
determine if the Syk activity required for intracellular C. glabrata 
control was derived through activation of Dectin-1 or Dectin-2, 
we compared peritoneal macrophages derived from wild type, 
to those derived from Dectin-1-deficient and Dectin-2-deficient 
mice. Following macrophage co-culture with CFSE-labeled  
C. glabrata, there was no difference in the control of intracellular 
C. glabrata growth between the macrophage genotypes signify-
ing that the critical Syk activity required for yeast control is not 
related to individual Dectin-1 or Dectin-2 function (Figure 7).
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FigUre 4 | Spleen tyrosine kinase (Syk) is required at an early stage for 
macrophage control of Candida glabrata. Macrophages were treated with 
chemical Syk inhibitor, R406, prior to addition of C. glabrata for 2, 4, and 
8 h after infection. All wells were lysed after 16 h of co-culture and the yeast 
retrieved and stained with ConA-AF647. Percent of parental CFSE-bright 
population was assessed via flow cytometry, with R406 treatments initiated 
at indicated time. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Data represent 
a minimum of three independent experiments.

FigUre 3 | Spleen tyrosine kinase is required for peritoneal macrophage 
control of Candida glabrata. (a) Differential interference contrast (DIC) and 
fluorescence microscopy image of carboxyfluorescein succinimidyl ester 
(CFSE)-C. glabrata and macrophage after 1 h of coculture indicating 
complete uptake of the yeast by the macrophages. Scale bar represents 
50 μm. (B) DIC and fluorescence microscopy image of CFSE C. glabrata 
infected macrophages 16 h post inoculation. Macrophages control  
C. glabrata division in CFSE-bright undivided state, while treatment with 
R406 impaired the macrophages’ ability in controlling C. glabrata. Scale 
bar represents 5 µm. (c) Flow cytometry scatter plots of Con A and CFSE 
showing macrophage controlling C. glabrata division and loss of control  
in R406-treated cells. Data represent three independent experiments.
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DiscUssiOn

Though the importance of the innate immune system in protect-
ing against fungal pathogens has been articulated, defining the 
mechanisms responsible for the intracellular control of C. glabrata 
have yet to be defined. In this study, we define the role of Syk in 
the intracellular control of C. glabrata division in macrophages. 
Our approach outlines the CFSE-labeling technique as a new tool 
to track yeast division. We demonstrate that in macrophages, 
early Syk activity is essential for controlling C. glabrata division, 
and that this role is not solely dependent on the contribution of 
Dectin-1 or Dectin-2, both of which rely principally on Syk for 
intracellular signaling following ligand engagement.

We delineated a method of CFSE labeling that allows tracking 
of yeast multiplication. This process involved conjugating the cell 
wall of C. glabrata cells with CFSE, a fluorescent dye that links 
to amine groups through covalent bonds, and that can be visual-
ized using confocal microscopy and flow cytometry. Microscopy 
demonstrated that CFSE does not change the morphology of  
C. glabrata cells. CFSE stained only the cell walls of parent yeasts, 
which permitted us to distinguish CFSE-bright parent popula-
tions and CFSE-dim daughter populations. The increase of CFSE-
dim yeast cells, indicative of cell division and a growing daughter 
population, could be accurately measured by flow cytometry.

While CFSE assays have historically been used to follow the 
division of lymphocytes, our adaptation to track yeast division 
does face limitations. CFSE stains only the fungal cell wall rather 
than the contents of the cytoplasm, which allows us to track only 
a single generation of daughter cells. This observation is likely 
due to the presence of the esterase-rich fungal cell wall. Esterases 
are necessary for the activation of CFSE for covalent conjugation 
to amino groups on proteins. In mammalian cells, esterases are 
abundant within the cytoplasm, whereas in yeast, high levels of 
esterases are found within the fungal cell wall (34). This esterase 
distribution clarifies the reason for concentrated CFSE conjuga-
tion to the cell wall ultrastructure as opposed to homogenous 
cytoplasmic staining as seen in lymphocytes. Given the high 
concentration of CFSE in the cell wall, we confirmed that labeling 
did not alter the fungal cell wall or yeast division. By monitoring 
growth via optical density at 600 nm, we show that CFSE-labeled 
C. glabrata are capable of proliferating with normal kinetics as 
compared to unlabeled controls. While this method allows track-
ing of intracellular yeast division, it does not confirm killing of 
the yeast by macrophages.

Using CFSE-labeled yeast, we defined the role of Syk in the 
intracellular control of C. glabrata by macrophages. We hypoth-
esized that Syk is indeed necessary for macrophages to maintain 
growth control of C. glabrata given its described contribution 
to phagolysosomal maturation (22) and autophagy (31). The 
downstream Syk-dependent molecular mechanisms critical for 
control of C. glabrata will require additional investigation and 
may involve sequestration of essential nutrients or disrupted 
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FigUre 7 | Spleen tyrosine kinase-mediated control of Candida glabrata is 
independent of Dectin-1 and Dectin-2. Percent undivided carboxyfluorescein 
succinimidyl ester-bright C. glabrata population from peritoneal 
macrophages-yeast co-cultures. Macrophages were obtained from wild type, 
Dectin-1−/−, and Dectin-2−/− mice. Comparisons between all groups are 
non-significant. Data represent a minimum of three independent experiments.

FigUre 6 | R406 does not result in permanent macrophage response 
defects to fungal stimuli as measured by reactive oxygen species (ROS) 
production. Plated macrophages were treated with R406 for 2 h, and then 
washed to remove the inhibitor. ROS production measured by lucigenin after 
addition of heat-killed Candida. Arbitrary light unites (AU) represents total 
luminescence corresponding with ROS production. *p ≤ 0.05, 
****p ≤ 0.0001. Data represent a minimum of three independent experiments.

FigUre 5 | R406-induced spleen tyrosine kinase inhibition does not affect macrophage phagocytosis of C. glabrata. (a) Gating scheme for calculated percentage 
of macrophages that have phagocytosed CFSE-labeled C. glabrata by flow cytometry. (B) Percent phagocytosis of C. glabrata by macrophages over time incubated 
with control, R406, or cytochalasin D by flow cytometry. **p ≤ 0.01, ****p < 0.0001. Data represent three independent experiments.
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fusion of lysosomal content. The C-type lectin receptors, Dectin-1 
and Dectin-2, recognize fungi and are linked through Syk for 
intracellular signaling (35). We determined the contribution of 
each receptor to Syk activity in macrophages following Candida 
exposure. Data reveal that loss of either receptor does not impact 
the control of intracellular C. glabrata suggesting that Syk activity 
is stimulated through redundant pathways.

In addition to Syk being important for C. glabrata control, we 
also demonstrates the importance of timing of Syk activity. Early 

Syk activation, within the first 4  h after macrophage phagocy-
tosis C. glabrata, is the essential window for effective control of  
C. glabrata division. Macrophages in which Syk was inhibited 2 
or 4 h after addition of C. glabrata enabled the yeast to divide 
unchecked. Syk may have less relevance when inhibited 8 h after 
co-infection because the macrophages retain their ability to con-
trol yeast division in similar fashion to untreated macrophages. 
These observations may be due to time-dependent phagosomal 
mechanisms, which have no further consequence on C. glabrata 
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division at later stages following phagocytosis. In addition,  
C. glabrata-specific immune evasion pathways may be upregu-
lated at later time points, and these may bypass Syk-related control 
mechanisms. In this study, we have only evaluated chemical Syk 
inhibition, and have yet to test Syk knockout models.

Spleen tyrosine kinase has an established role in cytoskeletal 
changes, which could potentially impact phagocytosis. To con-
trol for this possibility, we measured uptake of C. glabrata by 
macrophages and found no difference in phagocytosis between 
control and R406-treated macrophages. This observation is in 
line with our previous observation using tyrosine mutations in 
the hemi-ITAM of Dectin-1, which result in complete loss of 
Syk phosphorylation, yet maintains near normal rates of phago-
cytosis (22). In addition, to address the likelihood of a lasting 
effect triggered through Syk inhibition, we utilized ROS activity 
as a surrogate marker of macrophage activity. After washout of 
R406, ROS activity is fully restored, indicating that transient 
Syk inhibition does not result in a long-lasting inhibition of 
macrophages, and does not account for loss of intracellular  
C. glabrata activity.

In conclusion, our results demonstrate that macrophages 
control the division of C. glabrata in a Syk-dependent manner. 
A limitation of this observation is the use of a single ATCC 
strain and further investigation is required to determine if Syk-
dependent control is generalizable to other Candida species. 
These observations were verified by a CFSE-labeling technique 
that accurately distinguished CFSE-bright parent and CFSE-dim 
daughter cell populations through flow cytometric analysis or 

microscopy. We show that Syk in macrophages is essential in 
the early stages of C. glabrata infection and that Dectin-1 or 
Dectin-2 are not individual contributors to Syk activity. Further 
investigations are required to define the precise downstream 
mechanisms of Syk activity in the intracellular control of fungal 
pathogens.
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Kelly M. Shepardson1,2, Rachel M. Temple2, Robert A. Cramer2 and Joshua J. Obar2*

1 Department of Microbiology and Immunology, Montana State University, Bozeman, MT, United States, 2 Department of 
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Aspergillus fumigatus is a mold that causes severe pulmonary infections. Our knowledge 
of how immune competent hosts maintain control of fungal infections while constantly 
being exposed to fungi is rapidly emerging. It is known that timely neutrophil recruit-
ment to and activation in the lungs is critical to the host defense against development 
of invasive pulmonary aspergillosis, but the inflammatory sequelae necessary remains 
to be fully defined. Here, we show that 5-Lipoxygenase (5-LO) and Leukotriene B4 
(LTB4) are critical for leukocyte recruitment and resistance to pulmonary A. fumigatus 
challenge in a fungal-strain-dependent manner. 5-LO activity was needed in radiosen-
sitive cells for an optimal anti-fungal response and in vivo LTB4 production was at least 
partially dependent on myeloid-derived hypoxia inducible factor-1α. Overall, this study 
reveals a role for host-derived leukotriene synthesis in innate immunity to A. fumigatus.

Keywords: Aspergillus fumigatus, leukotrienes, leukotriene B4, neutrophils, eosinophils, hypoxia inducible  
factor-1α, respiratory tract infections, fungal infection

inTrODUcTiOn

Aspergillus fumigatus is a ubiquitous mold that causes severe infections, such as invasive pulmonary 
aspergillosis (IPA), in the immunocompromised population. Due to a combination of (i) difficulty 
in diagnosis, (ii) limited efficacy of anti-fungal drugs coupled with the emergence of drug resistance, 
and (iii) a lack of an effective vaccine against Aspergillus spp., mortality rates of IPA are extremely 
high (1, 2). To this end, development of novel immunomodulatory strategies that can potentially be 
combined with current anti-fungal treatments is an active area of research.

On a day-to-day basis, inhaled spores are removed from the body through physical barriers 
encountered within the respiratory tract. If spores are deposited in the lung, resident alveolar mac-
rophages and CCR2+ monocytes, together with alveolar epithelial cells, phagocytose, and kill fungal 
conidia (3, 4). However, in individuals that lack this immune response, conidia are able to germinate 
and grow within the lung causing tissue damage and disease. These initial encounters are important 
in the recruitment and activation of neutrophils, inflammatory monocytes, NK cells, and CD4 T cells 
to further control fungal growth within the lung (5). Of these, neutrophils have long been recognized 
as one of the key effector cells necessary for resistance against Aspergillus infection and neutropenia 
is a key risk factor for patients that will develop IPA (6).

Neutrophil recruitment and activation is a highly controlled process that is regulated by a number 
of different inflammatory mediators including C5a, PAF, fMLP, Leukotriene B4 (LTB4), CXCR2 
ligands, CCR1 ligands, TNFα, and IL-17 (7, 8). However, our understanding of the inflammatory 
mediators driving neutrophil accumulation and activation following A. fumigatus challenge remains 
incomplete. Following A. fumigatus challenge, IL-1RI/MyD88 signaling is essential for optimal 
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production of CXCL1 that is necessary for early neutrophil 
recruitment through CXCR2 (6, 9, 10). In addition, an unknown 
CARD9-dependent pathway is critical for late neutrophil accu-
mulation following A. fumigatus challenge (9). Additionally, 
a TLR9/Btk/calcineurin/NFAT-dependent pathway regulates 
neutrophil accumulation during aspergillosis through its 
regulation of TNFα (11). Moreover, further complexity exists 
in that A. fumigatus isolates with differing virulence depend 
on distinct inflammatory responses to maintain host resistance  
(12, 13). Thus, greater knowledge about the inflammatory path-
ways which contribute to the anti-Aspergillus neutrophil response 
is required.

Regulation of inflammatory responses by lipid mediators is an 
emerging area. Particularly, LTB4 has a critical role in the early 
recruitment and activation of neutrophils in other inflammatory 
models (14). Additionally, lipid mediators have been shown 
to be critical regulators of the host immune response against 
pathogenic fungi. Following challenge of alveolar macrophages 
or resident mouse peritoneal macrophages with Candida albicans 
arachidonic acid is effectively mobilized by cPLA2 (15–17), 
which is necessary for production of both prostaglandins and leu-
kotrienes. cPLA2 is critical for host resistance against C. albicans 
challenge, through the regulation of macrophage transcriptional 
responses and likely through increased anti-fungal activity of 
alveolar macrophages (17, 18). Moreover, exogenous LTB4 and 
LTD4 can enhance phagocytosis and killing of C. albicans by mac-
rophages (19). Finally, LTB4-mediated inflammation is critical for 
host resistance and neutrophil recruitment during Histoplasma 
capsulatum (20, 21), and Paracoccidioides brasiliensis (22, 23) 
infection. Moreover, LTB4-mediated inflammation is critical for 
establishing memory T cells for the prevention of histoplasmosis 
(24). Thus, we asked whether LTB4 was crucial in the neutrophil 
response following pulmonary A. fumigatus challenge. Here, we 
show that leukotrienes are produced rapidly after A. fumigatus 
challenge by host cells and play a critical role in the anti-fungal 
neutrophil response necessary for host resistance against pulmo-
nary A. fumigatus challenge.

MaTerials anD MeThODs

Mice
C57BL/6J (Stock #000664), C57BL/6NJ (Stock #005304), 
B6.129S2-Alox5tm1Fun (Alox5−/−; Stock #004155), and B6.129S4-
Ltb4r1tm1Adl (Ltb4r1−/−; Stock #008102) were purchased from 
Jackson Laboratories. Mice with a targeted deletion of Hif1a 
in myeloid cells were created via crosses into a background of 
lysozyme M-driven cre-recombinase (Hif1aLysM/LysM), as previ-
ously done (30). All mice were 8–10 weeks of age at the time of 
infection. All animal experiments were approved by the Montana 
State University Institutional Animal Care and Use Committee 
or Dartmouth College Institutional Animal Care and Use 
Committee.

Preparation of A. fumigatus and 
Pulmonary challenge Model
Aspergillus fumigatus strains CEA10 and Af293 were grown and 
harvested as previously described (10). For fungal inoculation, 

mice were anesthetized with isoflurane and challenged by the 
intratracheally (i.t.) route with 4–7  ×  107 A. fumigatus conidia 
in 100 µl sterile PBS. At the indicated time after challenge, mice 
were euthanized using an overdose of pentobarbital. Samples 
were collected and analyzed for inflammatory cell recruitment, 
fungal growth, lung damage, and vascular/epithelial leakage as 
previously described (10). For survival studies, mice were chal-
lenged with 4–7  ×  107 conidia of either CEA10 or Af293 and 
monitored daily using a humane endpoint scoring system. Mice 
were humanely euthanized once they met endpoint criteria.

Bone Marrow chimeric Mice
Bone marrow chimeric mice were made by lethal irradiation of 
C57BL/6 mice followed by intravenous reconstitution with either 
C57BL/6 bone marrow or Alox5−/− bone marrow. Mice were 
rested 6–8 weeks prior to challenge with 4 × 107 conidia of CEA10 
i.t. At the indicated time-points, mice were euthanized using an 
overdose of pentobarbital, and samples collected and analyzed for 
inflammatory cell recruitment and fungal growth as previously 
described (10).

leukotriene Quantification
Lipids were extracted from bronchoalveolar lavage fluid (BALF) 
using a hot-methanol extraction. Briefly, three parts HPLC-grade 
methanol were added to one part BALF sample. Samples were 
then vortexed for 30  s and placed into an 80°C water bath for 
2 min. Tubes were spun at 14,000 RPM for 15 min and superna-
tant was collected then dried using a vacuum concentrator. Pellets 
were resuspended in HPLC-grade water in a volume equal to the 
starting volume of BALF sample. Extracted samples were then 
analyzed using enzyme immunoassay kits for LTB4, cysteinyl 
leukotrienes (cysLT) (Cayman Chemical). Plates were read using 
a SpectraMax® Paradigm® plate reader (Molecular Devices).

statistical analysis
Statistical significance between experimental groups was deter-
mined using a Mann–Whitney U test (comparison of two experi-
mental groups that are not normally distributed) or an one-way 
ANOVA with a Dunn’s post-test (comparison of greater than two 
experimental groups that are not normally distributed), using the 
GraphPad Prism 6 software. For survival studies, Mantel–Cox 
log-rank test was used to determine whether there were significant 
differences in survival between C57BL/6, Hif1aLysM/LysM, Ltb4r1−/−, 
and Alox5−/− mice for each A. fumigatus strain.

resUlTs

leukotriene Production following 
Pulmonary challenge with A. fumigatus
In order to determine whether leukotrienes are produced fol-
lowing A. fumigatus challenge, we challenged C57BL/6 wild-type 
mice with the CEA10 strain of A. fumigatus. Throughout a time 
course of 6–48  h post-infection (hpi), we collected BALF and 
measured leukotriene production. We found that LTB4 and cysLT 
showed increased production after A. fumigatus CEA10 challenge. 
The production of these inflammatory lipid mediators followed 
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FigUre 1 | C57BL/6 mice produce leukotrienes after pulmonary challenge 
with the CEA10 isolate of Aspergillus fumigatus. Mice were infected 
intratracheally with 5 × 107 CEA10 conidia and at indicated time-points, mice 
were euthanized and bronchoalveolar lavage fluid (BALF) collected. Lipids 
were then extracted from BALF using a hot-methanol extraction procedure, 
and LTB4 (a) and cysteinyl leukotriene (B) levels in the extracted BALF 
samples were measured using Cayman Chemical enzyme immunoassay kits. 
Data are representative of five mice per time-point. Each dot represents the 
mean ± 1 SEM. Statistically significant differences were determined using  
an one-way ANOVA with a Dunn’s post-test (*p < 0.05 and **p < 0.01).
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a similar trend early after infection in which their expression 
peaked at 6 hpi, followed by decreased levels at 12 hpi. At 24 and 
48 hpi LTB4 increased from the 12 hpi levels, while the cysLT 
levels continue to decrease (Figure 1). These data demonstrate 
that both LTB4 and cysLTs are synthesized following challenge of 
immunocompetent mice with A. fumigatus.

Ltb4r1−/− Mice have a Defect in 
inflammatory cell recruitment  
and resistance to iPa
LTB4 is known to be important in the recruitment of neutro-
phils in numerous inflammatory settings (14), but whether it 
is crucial in regulating the innate immune response following  
A. fumigatus challenge is unknown. To address whether LTB4 was 
critical for neutrophil recruitment and resistance against IPA, 
we challenged Ltb4r1−/− and C57BL/6 mice with A. fumigatus. 
At 12 hpi, we analyzed BALF via differential cytospins stained 
with Diff-Quik™ to assess early inflammatory cell recruitment 
to the airways. Compared with the C57BL/6 mice, Ltb4r1−/− mice 
had a significant defect in neutrophil and eosinophil numbers, 
while macrophage numbers was similar (Figure 2A). Because the 
early recruitment of neutrophils is needed for host resistance to 
invasive A. fumigatus infection (6), we next addressed whether 
fungal growth was enhanced in the Ltb4r1−/− animals. At 24 hpi, 
Grocott-Gomori methenamine silver (GMS) staining of lung 
sections revealed the presence of an increased proportion of ger-
minated A. fumigatus in Ltb4r1−/− mice compared with C57BL/6 
mice (Figure 2B) demonstrating Ltb4r1−/− mice were impaired 
in their ability to clear the fungi (Figure 2C). Lastly, lung dam-
age and endothelial/epithelial leakage induced by A. fumigatus 
challenge were assessed by quantifying lactate dehydrogenase 
(LDH) and albumin in the BALF, respectively. Albumin levels 
were significantly elevated in Ltb4r1−/− mice compared with 
C57BL/6 mice, indicating an increase in protein leakage from 

the vascular system (Figure 2D). In contrast, LDH levels were 
only mildly elevated suggesting induction of similar degrees of 
cell damage (Figure 2D). Taken together, these data demonstrate 
that LTB4 signaling through its high-affinity receptor LTB4R1 is 
important in mediating neutrophil and eosinophil recruitment to 
the airways, which was ultimately necessary for host resistance to 
A. fumigatus growth.

Alox5−/− Mice are impaired in 
inflammatory cell recruitment  
and resistance to iPa
Aspergillus fumigatus itself is known to be capable of producing 
eicosanoids (25), which results in an infection system in which 
both the mammalian and fungal cells could be the source of bio-
active LTB4. Thus, to address whether LTB4 production coming 
from the murine cells was necessary for host resistance against 
A. fumigatus, we challenged 5-lipoxygenase (5-LO) (Alox5−/−) 
deficient mice with A. fumigatus. Alox5−/− mice cannot convert 
arachidonic acid to LTA4 and, therefore, lack all leukotriene 
synthesis (22). After A. fumigatus challenge, inflammatory cell 
recruitment to the airways was quantified at 12 hpi via cytospins 
and Diff-Quik™ staining. Similar to what we found with the 
Ltb4r1−/− mice, Alox5−/− mice had a significant defect in both 
neutrophil and eosinophil recruitment, while macrophage 
accumulation remained largely similar to C57BL/6 (Figure 3A). 
This defect in neutrophil and eosinophil recruitment correlated 
with an impairment in the ability of Alox5−/− mice to control 
fungal growth within the lung, demonstrated by a significantly 
higher germination rate (Figures 3B,C). We also measured LDH 
and albumin levels in the BALF of the Alox5−/− mice to assess 
lung damage and vascular/epithelial permeability, respectively. 
Interestingly, unlike the Ltb4r1−/− mice, LDH and albumin levels 
in BALF from Alox5−/− mice were not significantly different 
than C57BL/6 levels (Figure 3D). Together, these data indicate 
that leukotriene synthesis by host cells is critical for neutrophil 
and eosinophil recruitment, as well as host resistance against  
A. fumigatus growth.

radiosensitive cells contribute to 5-lO 
activity following Pulmonary A. fumigatus 
challenge
To begin to determine the cells that contribute to 5-LO activity 
after A. fumigatus challenge, we utilized a bone marrow chimera 
approach. C57BL/6 mice were lethally irradiated then reconstituted 
with either C57BL/6 or Alox5−/− bone marrow intravenously to 
develop the following groups: C57BL/6 mice possessing C57BL/6 
bone marrow and C57BL/6 mice possessing Alox5−/− bone mar-
row. Mice were then rested for 6–8 weeks prior to challenge with 
4 × 107 conidia of CEA10. At 36 hpi, mice were euthanized, BAL 
collected for analysis of leukocyte recruitment to the airways, and 
lungs saved for histological analysis to assess fungal growth by 
GMS staining. Compared with C57BL/6 mice possessing C57BL/6 
bone marrow, C57BL/6 mice possessing Alox5−/− bone marrow 
had a significant defect in neutrophil and eosinophil recruitment 
to the airways at 36 hpi, while macrophage accumulation was not 
significantly altered (Figure 4A). Moreover, at 36 hpi, C57BL/6 
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FigUre 2 | Ltb4r1-deficient mice have a defect in neutrophil and eosinophil recruitment and increased fungal burden after pulmonary Aspergillus fumigatus 
challenge. Age-matched C57BL/6 or Ltb4r1-deficient mice were infected intratracheally with 5 × 107 CEA10 conidia and at indicated time-points, mice were 
euthanized, bronchoalveolar lavage fluid (BALF) collected, and lungs saved for histological analysis. (a) Total macrophage (left panel), neutrophil (middle panel), and 
eosinophil (right panel) numbers in the BALF was measured at 12 h post-infection (hpi). (B) Formalin-fixed lungs were paraffin embedded, sectioned, and stained 
with hematoxylin and eosin (H&E) (top) or Grocott-Gomori methenamine silver (GMS) (bottom) for analysis by microscopy. Representative lung sections from 
C57BL/6 and Ltb4r1-deficient mice infected with CEA10 are shown using the 10× objective for H&E staining or 40× objective for GMS staining. (c) A. fumigatus 
germination rates were assessed at 24 hpi by microscopically counting the number of conidia and germlings in GMS-stained sections from C57BL/6 and 
Ltb4r1-deficient mice. (D) Lung damage (left panel) and leakage (right panel) were assessed at 24 hpi by measuring lactate dehydrogenase (LDH) and albumin levels 
in the BALF, respectively. Data are representative of at least two independent experiments consisting of five to eight mice per group. Bar graphs show the group 
mean ± 1 SEM. Statistically significant differences were determined using Mann–Whitney U test (*p < 0.05, **p < 0.01).
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FigUre 3 | Alox5-deficient mice have a defect in neutrophil and eosinophil recruitment and increased fungal burden after pulmonary Aspergillus fumigatus 
challenge. Age-matched C57BL/6J or Alox5-deficient mice were infected intratracheally with 5 × 107 CEA10 conidia and at indicated time-points, mice were 
euthanized [bronchoalveolar lavage fluid (BALF)] collected, and lungs saved for histological analysis. (a) Total macrophage (left panel), neutrophil (middle panel), and 
eosinophil (right panel) numbers in the BALF was measured at 12 hpi. (B) Formalin-fixed lungs were paraffin embedded, sectioned, and stained with hematoxylin 
and eosin (H&E) (top) or Grocott-Gomori methenamine silver (GMS) (bottom) for analysis by microscopy. Representative lung sections from C57BL/6J and 
Alox5-deficient mice infected with CEA10 are shown using the 10× objective for H&E staining or 40× objective for GMS staining. (c) A. fumigatus germination rates 
were assessed at 36 hpi by microscopically counting the number of conidia and germlings in GMS-stained sections from C57BL/6J and Alox5-deficient mice.  
(D) Lung damage (left panel) and leakage (right panel) were assessed at 36 hpi by measuring lactate dehydrogenase (LDH) and albumin levels in the BALF, 
respectively. Data are representative of at least two independent experiments consisting of five to eight mice per group. Bar graphs show the group mean ± 1 SEM. 
Statistically significant differences were determined using Mann–Whitney U test (**p < 0.01 and ***p < 0.001).
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FigUre 5 | Leukotriene-mediated immunity is fungal-strain dependent. 
C57BL/6 and Alox5-deficient were challenged with 5 × 107 conidia of CEA10 
or Af293 intratracheal. Mice were monitored daily using a humane endpoint 
scoring system (based on weight loss, inactivity, ruffled fur, difficulty 
breathing, and neurological symptoms), and when the humane endpoint 
criteria  was reached mice were humanely euthanized. Data are 
representative of 9–12 mice per group. Survival was plotted on Kaplan–Meier 
curves, and statistical significance between curves determined using the 
Mantel–Cox log rank (ns, not significant, *p < 0.05).

FigUre 4 | Radiosensitive cells contribute to 5-lipoxygenase activity after pulmonary Aspergillus fumigatus challenge. Bone marrow chimeric mice were made by 
lethally irradiating C57BL/6 mice and reconstituting the mice with bone marrow from either C57BL/6 or Alox5−/− mice. These mice were challenged intratracheally 
with 4 × 107 conidia of CEA10 and at 36 hpi, mice were euthanized and (a) bronchoalveolar lavage fluid collected for quantification of leukocyte numbers to the 
airways and (B) lungs saved for histological analysis in which formalin-fixed lung were paraffin embedded, sectioned, and stained with Grocott-Gomori methenamine 
silver for analysis by microscopy. Data consist of four to five mice per group. Bar graphs show the group mean ± 1 SEM. Statistical significance was determined 
using a Mann–Whitney U test (*p < 0.05 and **p < 0.01).
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mice possessing Alox5−/− bone marrow were impaired in their 
ability to control fungal germination compared with C57BL/6 
mice possessing C57BL/6 bone marrow (Figure  4B). Taken 
together, these data suggest that radiosensitive cells contribute 
to 5-LO activity which is needed for neutrophil and eosinophil 
recruitment to the airways and control of fungal germination 
following pulmonary A. fumigatus challenge.

leukotriene synthesis is critical for host 
survival following challenge with the 
cea10 strain of A. fumigatus, but not  
the af293 strain
Thus far, we have shown that in response to the CEA10 strain of  
A. fumigatus, host-derived leukotriene synthesis is critical for timely 
neutrophil recruitment and control of fungal germination within 
the lung. Due to studies that demonstrate fungal-strain depend-
ency on the host immune response, we next sought to determine 
if leukotriene-dependent immunity was reliant on the strain of  
A. fumigatus used for challenge (12, 13, 26). Inflammatory responses 
against the hypervirulent CEA10 isolate are highly inflammatory 
and heavily dependent on IL-1α for maintaining host resistance 
(12). Additionally, we showed that IL-1α release from macrophages 
following CEA10 challenge required calpain, which is a Ca2+-
dependent protease. Since, cPLA2 release of arachidonic acid is 
also a Ca2+-dependent event, we hypothesized that strain-specific 
LTB4 responses might be likely. To test this, we challenged C57BL/6 
and Alox5−/− mice intratracheally with 5  ×  107 conidia of either 
CEA10 or Af293. We monitored health and survival of mice in the 
192 h following fungal challenge. Alox5 (5-LO) was dispensable for 
survival of mice challenged with the Af293 strain of A. fumigatus, 
which is demonstrated by 100% survival of all mice challenged 
with Af293 (Figure 5). Conversely, Alox5−/− mice challenged with 
CEA10 displayed significantly higher mortality than C57BL/6 mice. 
Similar mortality trends were observed in the Ltb4r1−/− mice (data 
not shown). Overall, these data are in agreement with several other 

studies demonstrating that innate immune responses necessary for 
host resistance against A. fumigatus are highly dependent on the 
fungal strains used.

Hif1a-Deficient Mice show a Defect in 
lTB4 Production following challenge  
with cea10, but not with af293
Under hypoxic conditions, the transcription factor hypoxia induc-
ible factor-1α (HIF-1α) is activated, which allows translocation to 
the nucleus where it can bind to hypoxia response elements in the 
promoter region of target genes (27). HIF-1α is involved in con-
trolling expression of 5-LO activating protein, a protein critical 
for the biosynthesis of LTB4 and cysLTs, after hypoxic challenge 
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FigUre 6 | LTB4 production following Aspergillus fumigatus challenge is 
dependent on hypoxia inducible factor-1α (HIF-1α). (a) C57BL/6 or 
myeloid-specific lysozyme-M cre-recombinase driven HIF-1α null mice 
(Hif1LysM/LysM) were challenged with either 5 × 107 CEA10 or Af293 by the 
intratracheal (i.t.) route. At 8 hpi, mice were euthanized, bronchoalveolar 
lavage fluid collected and LTB4 measured. Data consist of four mice per 
group for A. fumigatus-challenged mice and one mouse per group 
challenged with PBS. Statistically significant differences were determined by 
a one-way ANOVA with a Dunn’s post-test (ns, not significant, *p < 0.05).  
(B) C57BL/6 or myeloid-specific lysozyme-M cre-recombinase driven HIF-1α 
null mice (Hif1LysM/LysM) were challenged with either 7 × 107 CEA10 or Af293 by 
the i.t. route. Mice were monitored daily using a humane endpoint scoring 
system (based on weight loss, inactivity, ruffled fur, difficulty breathing, and 
neurological symptoms), and when the humane endpoint criteria was 
reached mice were humanely euthanized. Data are representative of 10 mice 
per experimental group or 4 mice in the uninfected control group. Survival 
was plotted on Kaplan–Meier curves, and statistical significance between 
curves determined using the Mantel–Cox log rank (***p < 0.0001).
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(28). Previous work has shown that hypoxic microenvironments 
form within the lung in multiple murine models of IPA (29). 
In an immune competent model of fungal bronchopneumonia, 
myeloid-derived HIF-1α was shown to be critical for neutrophil 
recruitment and ultimately, survival of mice challenged with 
A. fumigatus CEA10 strain (30). Given the link between HIF-
1α and leukotriene biosynthesis, we sought to determine if 
HIF-1α contributes to LTB4 production following A. fumigatus 
challenge. To test this, C57BL/6 or myeloid-specific lysozyme-
M cre-recombinase driven HIF-1α null mice (Hif1aLysM/LysM)  
mice were challenged with 5 × 107 conidia of either CEA10 or 
Af293, and LTB4 protein levels measured in the BALF at 8 hpi. 
Following challenge with CEA10, there was a significant decrease 
in LTB4 protein released into the airways of Hif1aLysM/LysM mice 
compared with C57BL/6 mice (Figure 6A). Interestingly, follow-
ing Af293 challenge LTB4 levels remained unchanged between 
C57BL/6 and Hif1aLysM/LysM mice (Figure 6A). Overall, this sug-
gests that HIF-1α contributes to control of LTB4 release following 
pulmonary A. fumigatus challenge in a fungal-strain-dependent 
manner.

Due to strain-specific release of LTB4 in Hif1aLysM/LysM mice 
(Figure 6A), we next sought to determine if Hif1aLysM/LysM mice 
displayed a strain-specific susceptibility to A. fumigatus chal-
lenge. To test this, we challenged C57BL/6 and Hif1aLysM/LysM mice 
intratracheally with 7 × 107 conidia of either CEA10 or Af293. We 
monitored health and survival of mice in the 11 days following 
fungal challenge. HIF-1α expression in LysM-expressing cells was 
dispensable for survival of mice challenged with the Af293 strain 
of A. fumigatus, which is demonstrated by 90% survival of all mice 
challenged with Af293 (Figure  6B). Conversely, Hif1aLysM/LysM  
mice challenged with CEA10 displayed significantly higher 
mortality (10% survival), as previously reported (Figure  6B). 
Overall, these data are in agreement with the survival analysis of 
the Alox5−/− mice and reiterate that the innate immune responses 
necessary for host resistance against highly virulent A. fumigatus 
isolates, such as CEA10, are highly dependent on a robust inflam-
matory response.

DiscUssiOn

This study reveals an essential role for host-derived LTB4 in the 
recruitment of both neutrophils and eosinophils through its 
high-affinity chemotactic receptor LTB4R1 following pulmo-
nary challenge with high-virulent A. fumigatus strain CEA10. 
Ultimately, 5-LO and LTB4 were crucial for host resistance to  
A. fumigatus challenge. In addition to recruitment of neutrophils, 
it was recently shown that LTB4-treated neutrophils have enhanced 
anti-fungal activity against A. fumigatus (31). Thus, LTB4 will not 
only recruit neutrophils to the site of A. fumigatus infection, but 
also simultaneously activates their anti-fungal armory. While our 
data are the first to demonstrate a critical role for LTB4 in regulating 
neutrophil recruitment following challenge with a mold, others 
have reported leukotrienes are critical for leukocyte recruitment 
and activation following infection with the dimorphic fungi,  
H. capsulatum and P. brasiliensis (20, 22, 32). In these systems, 
it is unknown how leukotriene synthesis is initiated, but with 
the yeast C. albicans treatment of macrophages in vitro results in 

the synthesis of leukotrienes through a Dectin1-, Dectin2-, and 
MyD88-dependent pathway (16). Given that Dectin1, Dectin2, 
and MyD88 play a role in recognizing not only A. fumigatus 
(9, 10, 33, 34), but a range of fungal pathogens, it is likely this 
pathway will be important in the induction of the inflammatory 
eicosanoid pathway universally following challenge with fungal 
pathogens.
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While it is well known that neutrophils are one of the most 
important effector cells against A. fumigatus (5), a recent study 
demonstrated a potential role for eosinophils in limiting the 
development of IPA (35). Our data demonstrate that LTB4 is 
also critical for the recruitment of eosinophils to the airways of 
A. fumigatus-challenged mice. In immunocompetent mice, the 
absence of eosinophils resulted in a defect in A. fumigatus clear-
ance in vivo which did not correlate with a defect in recruitment 
or function of other inflammatory cells, but rather the potential 
direct anti-fungal activity of eosinophils (35). In contrast, with 
repeated administration of A. fumigatus eosinophils were shown 
to have a detrimental effect on disease outcome and eosinophilia 
was associated with a decrease in neutrophil recruitment (36). 
Thus, more studies are needed to determine the exact role 
eosinophils play in different experimental models of IPA, and 
whether crosstalk between eosinophils and neutrophils regulate 
anti-fungal immunity.

Clinically, patients with chronic granulomatous disease have 
a higher risk of developing invasive Aspergillus infections, which 
is mirrored in mice lacking the NADPH oxidases. In these mice, 
IPA is characterized by excessive inflammation and tissue damage 
(37, 38). Interestingly, when gp91phox-deficient mice were exposed 
subcutaneously to A. fumigatus there is an early neutrophilic 
response which is associated with elevated LTB4 levels (38). Thus, 
it will be intriguing whether limiting LTB4 signaling can ameliorate 
IPA in gp91phox-deficient mice, similarly to what was observed with 
anakinra treatment to limit IL-1 signaling (37). This is plausible 
because in a Mycobacterium tuberculosis model, eicosanoid and 
IL-1 signaling regulate M. tuberculosis growth and pathogenicity 
(39). Furthermore, LTB4 antagonism is an attractive treatment, 
because there are a number of clinically available inhibitors of this 
pathway. Another patient population at high risk of developing 
IPA is individuals receiving long-term corticosteroid treatment. 
Treatment with glucocorticoids leads to inhibition of cytosolic 
phospholipase A2α through the induction of lipocortin-1, block-
ing the conversion of phospholipids to arachidonic acid (40). Given 
this link between glucocorticoid treatment and the arachidonic 
acid pathway, it would be interesting to see the overall impact the 
presence or absence of leukotrienes has on the outcome of disease 
during a corticosteroid model of IPA. Moreover, in mice challenged 
with A. fumigatus corticosteroid treatment inhibited HIF-1α trans-
location to the nucleus, where it binds to target genes to regulate 
transcription (30). Due to the HIF-1α-dependent production of 
LTB4 (Figure 5), it will be important to determine if the impaired 
HIF-1α translocation to the nucleus contributes to impaired LTB4 
production, which results in enhanced susceptibility to IPA in 
those patients. Finally, these data suggest that the susceptibility of 
Hif1α-deficient mice to IPA may also be fungal-strain dependent, 
which warrants further dissection.

In conclusion, we have shown that during the inflammatory 
response of immunocompetent mice following pulmonary chal-
lenge with A. fumigatus, leukotriene production from hematopoi-
etic cells is induced. In the absence of all leukotriene synthesis, 
and specifically in the absence of LTB4R1 signaling, there is a 
significant defect in neutrophil and eosinophil recruitment to the 
airways. This defect in leukocyte recruitment correlated with an 
elevated susceptibility of these mice to developing IPA, as meas-
ured by enhanced fungal germination in the lungs and enhanced 
mortality of mice devoid of leukotriene synthesis. Furthermore, 
the enhanced susceptibility of mice lacking leukotriene synthesis 
was fungal-strain dependent. Overall, these data reveal that the 
leukotriene pathway is critical in maintaining host resistance 
against A. fumigatus infection. Interestingly, prostaglandin E2 
was recently shown to be involved in the anti-Aspergillus immune 
response (41), demonstrating a generally important role for 
arachidonic acid metabolites in regulating anti-fungal immunity.
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Protein Deiminase 4 and cr3 
regulate Aspergillus fumigatus and 
β-glucan-induced neutrophil 
extracellular Trap Formation,  
but hyphal Killing is Dependent  
Only on cr3
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Yan Sun 1 and Eric Pearlman 2,3*
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Neutrophil extracellular trap (NET) formation requires chromatin decondensation before 
nuclear swelling and eventual extracellular release of DNA, which occurs together 
with nuclear and cytoplasmic antimicrobial proteins. A key mediator of chromatin 
decondensation is protein deiminase 4 (PAD4), which catalyzes histone citrullination. 
In the current study, we examined the role of PAD4 and NETosis following activation 
of neutrophils by A. fumigatus hyphal extract or cell wall β-glucan (curdlan) and found 
that both induced NET release by human and murine neutrophils. Also, using blocking 
antibodies to CR3 and Dectin-1 together with CR3-deficient CD18−/− and Dectin-1−/− 
murine neutrophils, we found that the β-glucan receptor CR3, but not Dectin-1, was 
required for NET formation. NETosis was also dependent on NADPH oxidase pro-
duction of reactive oxygen species (ROS). Using an antibody to citrullinated histone 
3 (H3Cit) as an indicator of PAD4 activity, we show that β-glucan stimulated NETosis 
occurs in neutrophils from C57BL/6, but not PAD4−/− mice. Similarly, a small molecule 
PAD4 inhibitor (GSK484) blocked NET formation by human neutrophils. Despite these 
observations, the ability of PAD4−/− neutrophils to release calprotectin and kill A. 
fumigatus hyphae was not significantly different from C57BL/6 neutrophils, whereas 
CD18−/− neutrophils exhibited an impaired ability to perform both functions. We also 
detected H3Cit in A. fumigatus infected C57BL/6, but not PAD4−/− corneas; however, 
we found no difference between C57BL/6 and PAD4−/− mice in either corneal disease 
or hyphal killing. Taken together, these findings lead us to conclude that although 
PAD4 together with CR3-mediated ROS production is required for NET formation in 
response to A. fumigatus, PAD4-dependent NETosis is not required for A. fumigatus 
killing either in vitro or during infection.

Keywords: Aspergillus, neutrophil extracellular trap, protein deiminase 4, cr3, keratitis
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inTrODUcTiOn

Neutrophil extracellular trap (NET) formation is a coor-
dinated form of neutrophil cell death, first described by 
Zychlinsky and colleagues in which genomic DNA is released 
from neutrophils and traps and mediates killing of pathogenic 
bacteria, fungi, and parasites (1–3). The molecular events 
in this process involve protein kinase C, Raf, Mek, and Erk 
activation, which leads to activation of NADPH oxidase, pro-
duction of reactive oxygen species (ROS), and mobilization of 
neutrophil elastase (NE) into the nucleus, where it functions 
to degrade histones, resulting in chromatin decondensation 
(1). NETosis also requires activation of protein deiminase 
4 (PAD4) in the nucleus, which converts positively charged 
arginine residues to neutral citrulline. Histone citrullination 
also mediates chromatin decondensation and nuclear swell-
ing (4–8).

We reported that neutrophils play a critical role in fungal 
killing and in corneal infections with the pathogenic molds 
Aspergillus and Fusarium, which are major causes of blindness 
and visual impairment worldwide (9, 10). We demonstrated an 
essential role for neutrophil NADPH oxidase and for the anti-
microbial peptide calprotectin (CP) in fungal killing in vitro and 
in murine models of fungal keratitis (11, 12).

In the current study, we examined the role of PAD4 in NET 
formation in response to Aspergillus fumigatus or cell wall 
β-glucan and show that although PAD4 is required for NET 
formation in vitro and during corneal infection, it is not required 
for hyphal killing in vitro or during infection. Instead, we dem-
onstrate that CR3 (CD11b/CD18), which also binds β-glucan, is 
required for production of reactive oxygen, hyphal killing, and 
CP release. We conclude that although NETs are generated by 
A. fumigatus hyphae, they are not required for hyphal killing 
in vitro or during corneal infection.

resUlTs

A. fumigatus and β-glucan induce 
neutrophil extracellular Traps From 
human and Mouse neutrophils
Although NETs have a distinctive appearance in fixed cells, 
NETs in live cell cultures are more diffuse (7), which we also 
found after incubating human peripheral blood neutrophils 
with A.  fumigatus hyphal extract (AspHE), particulate 
β-glucan (curdlan), or phorbol myristic acid (PMA) when 
incubated with the cell-impermeable DNA stain SYTOX Green  
(Figure 1A).

Quantification of SYTOX Green showed that extracellular 
DNA increased over time (Figure  1B). Total DNA released 
over 20 h (area under the curve of Figure 1B) showed that all 
three stimuli induced a significant increase in DNA release 
from human peripheral blood neutrophils compared with 
media alone (Figure  1C). Similarly, mouse bone marrow 
neutrophils re leased DNA in response to AspHE and curdlan 
(Figures 1D,E), although PMA did not stimulate murine bone 
marrow neutrophils (not shown).

β-glucan-induced neTosis requires 
Production of rOs
Reactive oxygen species is required for NETosis in human 
neutrophils following stimulation with PMA, although ROS-
independent NET formation has also been reported (13–15). 
To examine if ROS has a role in NET formation in response to 
A.  fumigatus, human neutrophils were incubated with PMA, 
curdlan, or AspHE in the presence of the NADPH oxidase inhibi-
tor diphenyl iodonium (DPI). We found that DPI inhibited DNA 
release in response to all stimuli (Figures  2A,B), indicating a 
requirement for NADPH oxidase-generated ROS in NET forma-
tion in response to fungal cell wall components.

cr3 Mediates neT Formation and rOs 
Production in response to β-glucan
C-type lectin receptors, including Dectin-1, Dectin-2, and 
Dectin-3 (also called macrophage c-type lectin) on murine 
macrophages recognize fungal cell wall components, includ-
ing β-glucan and α-mannose (16). Neutrophils constitutively 
express the C-type lectin Dectin-1 and the β2-integrin CR3 
(Mac-1, CD11b/CD18), which in addition to the complement 
binding I-domain, has a lectin binding domain that recognizes 
β-glucan (17). The lectin binding domain mediates ROS produc-
tion in response to Candida and Aspergillus (11, 13), although 
maximal production of ROS and NETs depends on activation of 
both domains of this unique receptor in the presence of comple-
ment (15).

To determine the relative contribution of CR3 and Dectin-1 
in ROS production and NET formation, human peripheral blood 
neutrophils were incubated with particulate β-glucan (curdlan) 
together with antibodies to either Dectin-1 or CR3. We found 
significantly reduced extracellular DNA in the presence of anti-
CR3 (Figure  3A), whereas anti-Dectin-1 resulted in increased 
DNA release (Figure  3B), which is consistent with an earlier 
report on NETosis induced by Candida hyphae compared with 
yeast (18). As ROS is required for NET formation, we also exam-
ined the role of CR3 and Dectin-1 in ROS production, and found 
that curdlan-induced ROS production was inhibited by anti-CR3, 
but not anti-Dectin-1 (Figure 3C).

These findings were reproduced in bone marrow neutrophils 
from Dectin-1−/− and from CD18−/− mice, where NETosis was 
dependent on CD18 expression, and there was no effect of 
Dectin-1 deletion on β-glucan-induced NET formation or ROS 
production (Figures 3D,E). We therefore conclude that CR3 rather 
than Dectin-1 is the predominant β-glucan receptor required 
for ROS production and NET release in human and murine 
neutrophils.

PaD4 is required for neT Formation 
induced by β-glucan
Conversion of arginines to neutral citrullines is mediated by the 
protein deimidase family of enzymes (19); however, only PAD4  
is present in the nucleus, where it mediates citrullination of 
histones and subsequent chromatin decondensation.

To examine if PAD4 has a role in NET formation in response 
to fungal cell wall components, we visualized NET formation 
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FigUre 1 | Aspergillus fumigatus and β-glucan induce neutrophil extracellular trap formation in human and murine neutrophils. (a) Representative images showing 
DNA release by SYTOX Green staining in human peripheral blood neutrophils 20 h after stimulation with 25 nM phorbol myristic acid (PMA), 100 μg/ml A. fumigatus 
hyphal extract (AspHE), or 100 μg/ml particulate β-glucan (curdlan); original magnification is 200×. (B) DNA release overtime shown as relative fluorescent units 
(RFU) measured by SYTOX Green; (c) total extracellular DNA after 20 h calculated as area under the curve (AUC). (D,e) Extracellular DNA from mouse peritoneal 
neutrophils incubated with AspHE or curdlan and quantified by SYTOX Green RFU and AUC. Asterisks (***) indicate p < 0.001 based on one way ANOVA with Tukey 
post hoc analysis. Experiments were repeated five times with similar results.
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in β-glucan stimulated neutrophils from C57BL/6 and PAD4−/− 
mice using antibodies to citrullinated histone H3 (H3Cit). We 
found that in response to curdlan, neutrophils from C57BL/6 
mice generated characteristic NET structures that were also 
H3Cit+ (Figures 4A–E). In contrast, stimulated PAD4−/− neutro-
phils retain their lobular nuclei and were negative for H3Cit 
(Figures 4C,F). An early stage of NETosis is NE translocation to 
the nucleus (4), which is clearly detected in C57BL/6 neutrophils; 
however, elastase remained in the cytoplasm of PAD4−/− neutro-
phils (Figures 4C,F).

Protein deiminase 4-dependent NET formation by murine and 
human neutrophils was quantified by SYTOX green. Consistent 
with representative images, PAD4−/− neutrophils released signifi-
cantly less DNA than C57BL/6 neutrophils following incubation 
with curdlan (Figure  5A). To investigate if there is a role for 
PAD4 in NET formation by human neutrophils, we used small 
molecule PAD4 inhibitors that inhibit NET formation in  vitro 

(19). Curdlan-stimulated human neutrophils were incubated 
with the PAD4 inhibitor GSK484 or with the negative control 
compound GSK106. As shown in Figures 5B,C, DNA release in 
response to Aspergillus was significantly reduced in the presence 
of GSK484, whereas the negative control GSK106 did not inhibit 
DNA release.

Together, these findings clearly demonstrate that PAD4 citrul-
lination is required for NET formation by murine and human 
neutrophils.

cr3 but not PaD4 is required  
for calprotectin release In Vitro
The antimicrobial peptide calprotectin (CP; S100A8/A9) is a 
major component of NETs in response to Candida albicans and 
is required for NET-mediated killing (3). CP was found to be an 
essential NET component in controlling A. fumigatus following 
gene the rapy for chronic granulomatous disease (20), and we 
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FigUre 3 | Distinct roles for CR3 and Dectin-1 in β-glucan-induced reactive oxygen species (ROS) production and neutrophil extracellular trap (NET) formation. 
(a–c) Human neutrophils; (D,e) murine neutrophils. Neutrophils were incubated with β-glucan (curdlan) in the presence of the anti-CR3 blocking antibody M1/70 
(30 μg/ml) (a) or with the anti-Dectin-1 blocking antibody 22H8 (Invivogen, 20 μg/ml) (B). (a,B) DNA release was quantified by SYTOX Green and expressed as area 
under the curve. (c) ROS production measured by luminol. (D,e) DNA release and ROS production by mouse bone marrow neutrophils from C57BL/6, Dectin-1−/−, 
and CD18−/− mice stimulated with curdlan. p Values are biological replicates of at least three repeat experiments and were calculated using ANOVA with Tukey post 
hoc analysis (***p < 0.001, **p < 0.01, and *p < 0.05).

FigUre 2 | Neutrophil extracellular trap (NET) formation is dependent on reactive oxygen species (ROS). Human neutrophils were stimulated 20 h with phorbol 
myristic acid (PMA), AspHE, or curdlan in the presence of the ROS inhibitor diphenyl iodonium (DPI) (10 μM). NET formation was quantified by SYTOX Green over 
time (a), and total SYTOX over 18 h is shown as area under the curve (AUC) (B). ANOVA with Tukey post hoc analysis showed ***p < 0.001 and **p < 0.01. 
Experiments were repeated four times with similar results.
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reported that CP inhibits A. fumigatus hyphal growth by seques-
tering zinc in vitro and in Aspergillus keratitis (12).

To determine if CP is associated with NETs, we examined 
CP release in CR3 (CD18−/−) and PAD4−/− neutrophils follow-
ing stimulation with curdlan. Bone marrow neutrophils from 
C57BL/6, CD18−/−, and PAD4−/− mice were incubated with 
curdlan 2h (prior to NET formation) or for 16 (after NET for-
mation), and the CP subunit S100A8 was measured in cell-free 
supernatants by ELISA.

Whereas there was no significant difference in S100A8 
between C57BL/6 and PAD4−/− neutrophils released in response 
to curdlan at either time point, CD18−/− neutrophils produced 
significantly less S100A8 at both time points (Figure 6). There 
was no difference in production of S100A8 in response to total 
hyphal extracts (Figure S1 in Supplementary Material).

These data indicate that CP is released from neutrophils in  
the absence of PAD4-dependent NET formation, and that release 
in response to curdlan requires CR3 activation.
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FigUre 6 | CD18-dependent calprotectin (CP) (S100A8/A9) production. Bone marrow neutrophils from C57BL/6, PAD4−/−, and CD18−/− mice were incubated 2 or 
16 h with curdlan, and CP/S100A8 was quantified by ELISA. p Values are biological replicates of three repeat experiments and were calculated using ANOVA using 
a Tukey post hoc analysis (***p < 0.001; **p < 0.01; ns, not significant). S100A8 production to AspHE was similar in all groups (Figure S1 in Supplementary 
Material).

FigUre 5 | Protein deiminase 4 (PAD4)-dependent neutrophil extracellular trap formation. (a) Bone marrow neutrophils from C57BL/6 and PAD4−/− mice were 
incubated 20 h with particulate β-glucan (curdlan) in RPMI, and DNA release was quantified by SYTOX Green. Values were normalized to unstimulated neutrophils 
(RPMI). (B,c) Human peripheral blood neutrophils incubated with curdlan and 10 μM specific PAD4 inhibitor GSK484 (B) or with the related, non-inhibitory 
compound GSK106 (c). p Values are biological replicates of at least three repeat experiments and were calculated using ANOVA with Tukey post hoc analysis 
(***p < 0.01; **p < 0.05; ns, not significant). Experiments were repeated twice with similar results.

FigUre 4 | β-Glucan-induced neutrophil extracellular trap formation. Curdlan-stimulated bone marrow neutrophils from C57BL/6 and PAD4−/− mice. Neutrophils 
were immunostained with antibodies to citrullinated histone 3 (H3Cit), neutrophil elastase (NE), and DAPI nuclear stain (a–c) 200×; (D–F) 400×.
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cr3, but not PaD4, is required for 
neutrophil inhibition of A. fumigatus 
hyphal growth
To determine whether NETs regulate fungal growth in  vitro, 
2  ×  105 human neutrophils were incubated with A. fumigatus 

hyphae in the presence of the anti-CR3 blocking antibody M1/70. 
Also, A. fumigatus hyphae were incubated with neutrophils from 
C57BL/6 and PAD4−/− mice. A. fumigatus hyphal growth over 
18 h was quantified using calcofluor white, which binds cell wall 
chitin, and percent fungal mass was quantified based on hyphal 
growth in media alone (100%).
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FigUre 7 | CR3, but not protein deiminase 4 (PAD4), is required for neutrophil inhibition of Aspergillus fumigatus hyphal growth. (a,B) A. fumigatus hyphae 
incubated 18 h with human neutrophils in RPMI alone or with anti-CR3 M1/70 (20 μg/ml) (a). Fungal mass was quantified by calcofluor white fluorescent chitin stain 
and presented as percent of total hyphae in the absence of neutrophils. (B) Percent fungal mass in bone marrow neutrophils from C57BL/6, CD18−/−, or PAD4−/− 
mice following 18 h incubation with A. fumigatus hyphae. p Values are biological replicates of three repeat experiments and were calculated using Student’s t-test 
(a) or ANOVA with a Tukey post hoc analysis (B) (****p < 0.0001; ***p < 0.001; ns, not significant).
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Human neutrophils significantly inhibited fungal growth com-
pared with hyphae grown in media alone; however, this was 
reversed in the presence of blocking antibody to CR3 (Figure 7A). 
Similarly, hyphal growth was impaired when incubated with 
2 × 105 C57BL/6 or PAD4−/− neutrophils, but not with neutro-
phils from CD18−/− mice (Figure 7B).

Together, these data demonstrate that CR3 signaling is requ-
ired for fungal growth inhibition and/or killing by neutrophils 
in vitro, whereas there is no apparent role for PAD4.

PaD4 is not required for A. fumigatus 
Killing, corneal Disease, or neutrophil 
recruitment to infected corneas
Fungal keratitis is characterized by an early and profound infil-
tration of neutrophils to the corneal stroma in patients (21), and 
in murine models where these cells are required for hyphal killing 
and which mediate corneal opacification (9, 10).

To determine if PAD4 is required for NET formation in the 
cornea, and if NETs have a role in fungal killing at this site, corneas 
of C57BL/6 and PAD4−/− mice were infected with 1  ×  105 RFP 
expressing A. fumigatus conidia (Af293), and after 48 h, corneal sec-
tions were examined for neutrophil infiltration and NET formation 
(H3Cit+). H3Cit staining was evident in corneas of A. fumigatus 
infected C57BL/6, but not PAD4−/− mice (Figure 8A). Also, quan-
tification of multiple sections showed a significant difference in 
H3Cit, but no significant difference in total Ly6G+ cells between 
C57BL/6 and PAD4−/− mice (Figure S2 in Supplementary Material).

Total cells in infected corneas were examined by flow cyto-
metry following collagenase digestion. As shown in Figure 8B, 
epithelial cells were identified as CD45−, EpCam+, which com-
prised <5% total cells, whereas >75% of total cells were CD45+. 
Neutrophils were identified in the CD45+ population as Ly6G/
CD11b+, with the remaining CD45+ cells being Ly6C/CD11b+ 
monocytes. Neutrophils comprised 40–60% total cells in infected 
corneas; however, there was no difference in the percentage of 
neutrophils between infected C57BL/6 and PAD4−/− corneas 
(Figure 8C; Figure S2 in Supplementary Material).

There were also no significant differences between infected 
C57BL/6 and PAD4−/− mice in the severity of corneal opacification, 

RFP-Af293 hyphal mass or CFU (Figures 8D,E). We also found 
no significant difference in CFU between C57BL/6 and PAD4−/− 
mice following infection with an A. fumigatus keratitis clinical 
isolate (Af BP) (Figures 8F,G). Collectively, these findings show 
that although PAD4-dependent NET formation is detected in 
infected corneas, they do not have an essential role in regulating 
fungal corneal infections.

DiscUssiOn

A proposed sequence of events for NET formation by Zychlinsky 
and colleagues envisions an initial activation of neutrophils, 
assembly of the NADPH oxidase complex and production of ROS, 
resulting in bacterial entrapment and killing (1, 22). Human and 
mouse neutrophils with mutations or deletions in NADPH oxidase 
proteins cannot undergo NETosis in vitro or in a murine model of 
pulmonary aspergillosis (14). Elastase translocation to the nucleus 
is also required, and NETs are not detected following inhibition of 
elastase activity or in elastase deficient neutrophils (4).

Neutrophil extracellular traps have also been detected in vivo 
using two-photon microscopy, including in a murine model of 
pulmonary aspergillosis that shows hyphae in close association 
with neutrophils and extracellular DNA (23). These and other 
elegant studies leave little doubt that NETs are generated in 
response to bacteria, fungi and parasites. The controversy comes 
in to play in determining the role of NETs in killing pathogenic 
fungi. In the same pulmonary aspergillosis study, NETs did not 
kill A. fumigatus, although the authors suggest that NETs may 
have a role in inhibiting hyphal growth (23).

Human neutrophils from healthy, but not patients with 
chronic granulomatous disease (CGD) form NETs in response to 
A. fumigatus hyphae; however, DNAse treatment had no effect on 
hyphal killing in these patients, arguing against a role for NETs 
(24). Conversely, DNAse treatment inhibited the ability of human 
neutrophils to kill A. fumigatus germ tubes and hyphae (25, 26), 
thereby implicating a protective role for NETs in A. fumigatus 
infection.

In agreement with our current observations, the CGD study 
also showed that A. fumigatus conidia are recognized by CR3 
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FigUre 8 | Aspergillus fumigatus corneal infection in PAD4−/− mice. Corneas of C57BL/6 and PAD4−/− mice were infected with dsRed expressing A. fumigatus. 
(a) Corneal sections immunostained with antibodies to Ly6G and citrullinated histone 3 (H3Cit) and counterstained with DAPI nuclear stain. Epi, stroma = corneal 
epithelium and corneal stroma. Highlighted area shows H3Cit staining in neutrophils. Original magnification is 400×. (B) Representative flow cytometry scatter plots 
showing total cells from infected C57BL/6 corneas that include CD45− epithelial cells, CD45+Ly6G+ neutrophils, and Ly6C high monocytes. (c) Percent neutrophils 
in infected corneas from C57BL/6 and PAD4−/− mice [percent Ly6G+ neutrophils in infected corneas (representative scatter plots from C57BL/6 and PAD4−/− mice 
are shown in Figure S2 in Supplementary Material)]. (D,e) Representative corneas showing opacification and RFP expressing A. fumigatus hyphae. (F,g) 
Quantification of corneal opacity, dsRed as a measure of fungal mass, and CFU. Each data point represents an individual cornea. p > 0.05 using Student’s t-test 
analyses for panels (c–g), indicating that there are no statistically significant differences between C57BL/6 and PAD4−/− mice for any of these parameters. These 
data are representative of five repeat experiments.
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rather than Dectin-1 on human neutrophils and mediates non-
oxidative killing (24). This observation is supported by a report 
showing that Dectin-1 negatively regulates hyphae-induced NET 
formation by human neutrophils (18), and by an earlier study 
showing that human neutrophils use CR3 to form NETs in 
response to C. albicans (27). The latter study also reported that in 
murine neutrophils, Dectin-1 rather than CR3 mediates NETosis 
induced by C. albicans. However, we used neutrophils from 
Dectin-1−/− and CD18−/− mice to show that it is CR3 rather than 
Dectin-1 that mediates ROS production and NETosis, which is 
consistent with our earlier finding that CR3 rather than Dectin-1 
that mediates ROS production by murine neutrophils (11).

Although this discrepancy may be a function of Candida 
vs. Aspergillus, Reichner and colleagues provide evidence of a 
second NETosis pathway in the presence of extracellular matrix 
components such as fibronectin (13, 15). Whereas the classical 
pathway of NETosis described by Zychlinsky requires chroma-
tin decondensation mediated by elastase translocation to the 
nucleus that is ROS dependent and occurs over a period of hours 
(1, 22), Reichner describes a rapid process (<30 min) of NET 

formation induced by Candida hyphae, which is independent of 
ROS formation (15).

As our studies show elastase in the nucleus, that ROS is 
required for NET formation, and that this process occurs over a 
number of hours, we conclude that NETosis progresses through 
the classical pathway. However, it is possible that in the presence 
of extracellular matrix, the NETosis pathway regulated by matrix 
proteins may also be activated; indeed, this may in part explain 
why we found no role for PAD4 in infected corneas even while 
detec ting PAD4-dependent H3Cit. Activation of both pathways 
could also explain discrepancies in the role of PAD4 described in 
other microbial infections (28–30).

In contrast to other NET-related mediators such as elastase 
and ROS, PAD4 specifically regulates histone citrullination and 
is unique among the protein deiminase family in being localized 
to the nucleus (31, 32). Therefore, the only phenotype of PAD4−/− 
neutrophils should be an inability to form NETs so we focused 
on the role of PAD4 in neutrophil responses to A. fumigatus. 
Furthermore, although PAD4-dependent NETosis has been 
reported in mouse models of bacterial and parasitic infections, 
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and in autoimmunity (4, 33), there are no reports on the role of 
PAD4 in fungal infections.

In this study, we visualized citrullinated histone H3 associ-
ated with NETs following β-glucan stimulation of C57BL/6, but 
not PAD4−/− neutrophils, and NETosis measured by SYTOX was 
also dependent on PAD4. Given that β-glucan is a major cell 
wall surface component of molds and yeast following germina-
tion, these findings indicate that most pathogenic fungi would 
stimulate NET formation. However, PAD4−/− neutrophils did not 
exhibit impaired CP release or have any role in hyphal killing 
in vitro; furthermore, although H3Cit was detected in A. fumiga-
tus infected corneas, we found no difference in hyphal growth 
or corneal opacification between C57BL/6 and PAD4−/− mice. 
Therefore, at least under these experimental conditions, PAD4-
dependent NET formation is not required to control hyphal 
growth or fungal infection.

Following corneal infection with A. fumigatus, we found only 
localized H3Cit staining compared with the large neutrophil 
infiltrate, so it is possible that the absence of a phenotype is a 
consequence of relatively few NETs being formed; however, it is 
more likely that even though antimicrobial peptides are associ-
ated with NETs, NETosis is not required for CP release, iron 
sequestration or ROS production, all of which are important 
in controlling hyphal growth in vitro and in infection models 
(11, 12, 34). These findings are consistent with other studies 
in which PAD4-dependent NETs were not required to control 
bacterial CFU in a cecal ligation model of peritonitis (30) or for 
controlling influenza (29), although PAD4−/− mice showed an 
impaired ability to control Shigella flexneri infection (4). Both 
ROS and PAD4 independent NETosis have been described for 
Leishmania amazonensis promastigotes (33).

Instead of PAD4, we found that CR3 was required for ROS 
production in response to curdlan and A. fumigatus, release of 
CP, and A. fumigatus hyphal killing. Although CR3 was also 
required for NET formation, these findings do not implicate 
NETs in fungal killing as production of ROS and CP may be 
independent of NETosis. Indeed, PAD4−/− neutrophils released 
comparable levels of CP as C57BL/6 neutrophils within 2  h, 
which is earlier than we can detect NET formation, and indicates 
that CP release is NETosis independent.

Taken together, CR3 appears to be the β-glucan receptor 
that leads to PAD4 activation and NETosis on human and 
murine neutrophils, which is dependent on ROS; however, 
although NETs contain antimicrobial peptides, we conclude 
that NET formation is not required for CP release or to regulate 
A. fumigatus hyphal growth in  vitro or in the fungal keratitis 
model. Furthermore, because CD18 (LFA1) binding to ICAM-1 
on capillary endothelial cells is required for neutrophil attach-
ment and extravasation, CD18−/− neutrophils are not recruited 
to infected tissues; therefore, we were unable to examine CR3 
recognition of Aspergillus in infected corneas.

Although the role of NETs in microbial killing appears to 
be controversial, NETs have also been implicated in tissue 
damage during infection and in autoimmune disease includ-
ing rheumatoid arthritis, lupus, vasculitis, acute respiratory 
distress syndrome, and sepsis. This is due in part to release of 
histones that are abundant in NETs and which have direct 

cytotoxic activity (35). One example is intravenous injection 
of methicillin resistant Staphylococcus aureus, which resulted 
in PAD4-dependent NET formation in the liver and resulting 
hepatic injury (36). By contrast, we found that corneal opacity as 
a measure of tissue damage in fungal keratitis was not reduced 
in A. fumigatus infected PAD4−/− mice, indicating that NETs do 
not appear to regulate blinding corneal disease related to fungal 
infection. NETs have been reported in Pseudomonas aeruginosa 
keratitis, although ExoS-expressing strains are more susceptible 
than ExoU to NET-mediated bacterial killing (37).

A recent review of NETs proposes a clear distinction between 
ROS and elastase-dependent NETs, which have antimicrobial 
activity, and a second ROS independent, PAD4-mediated 
mechanism of DNA release termed leukotoxic hypercitrullina-
tion, which is triggered by elevated intracellular calcium (which 
activates PAD4) and is associated with autoimmunity (38). Our 
findings reveal β-glucan-induced NET formation that is both 
ROS and PAD4 dependent and is associated with intranuclear 
elastase, thereby suggesting this dichotomy is not so clear. The 
same review also notes that the main purpose of PAD4-mediated 
histone citrullination is to alter the chromatin and regulate gene 
transcription, whereas elastase digestion of chromatin is also 
required for NETosis. Our observations that release of extracel-
lular DNA can be blocked by inhibiting PAD4 or ROS production 
makes it unlikely that we are seeing two distinct pathways.

In conclusion, this study demonstrates an essential role 
for CR3, ROS, and PAD4 in NET formation in response to  
Aspergillus and to β-glucan but shows that PAD4-dependent 
NETosis is not required for either hyphal killing or for tissue 
damage in the cornea.

MaTerials anD MeThODs

ethics statement
Human peripheral blood was collected from healthy donors 
between ages of 18 and 65 years in accordance with the Declaration 
of Helsinki guidelines and with the approval of the Institutional 
Review Board of the University of California (Irvine, CA, USA). 
Informed consent was obtained in writing from each volunteer.

All animals were treated in accordance with the guide-
lines provided in the Association for Research in Vision and 
Ophthalmology ARVO statement for the Use of Animals in 
Ophthalmic and Vision Research. All animal studies were 
conducted follow ing approval of the Institutional Animal Care 
and Use Committee of Case Western Reserve University and the 
Univer sity of California, Irvine.

human Peripheral Blood neutrophils
Whole blood RBCs were separated in 3% dextran (Sigma-
Aldrich, St. Louis, MO, USA) PBS, and neutrophils were purified 
from remaining cells by overlay on a Ficoll (GE Healthcare) 
density gradient and centrifugation at 500  ×  g for 25  min. 
Remaining RBCs were lysed, and neutrophils were resuspended 
in RPMI 1640 medium. Purity (~90%) was assessed by flow 
cytometry using antihuman D16 and CD66b Abs (eBioscience, 
San Diego, CA, USA).
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source of Mice
CD18−/− mice were originally provided by Claire Doerschuk 
(University of North Carolina, Chapel Hill, NC, USA). Age- and sex-
matched C57BL/6 mice were purchased from Jackson Laboratories 
(Bar Harbor, ME, USA). PAD4−/− mice were originally provided by 
Dr. Kerri Mowen at Scripps Research Institute. All animal experi-
ments were conducted with sex- and age-matched mice, and animal 
studies were compliant with all applicable provisions established by 
the Animal Welfare Act and the Public Health Services Policy on 
the Humane Care and Use of Laboratory Animals.

A. fumigatus strains and culture
The strain used in these studies was a keratitis clinical isolate 
obtained from the Bascom-Palmer Eye Institute, A. fumigatus BP, 
whereas the strain used for corneal infection experiments was the 
Af293-expressing red fluorescent protein used in our prior studies 
(12). Fungi were cultured on Sabouraud dextrose agar at 37°C for 
3–5 days for sporulation, and conidia were iso lated by disruption 
in PBS and filtration through sterile cotton gauze. For hyphal kill-
ing experiments, conidia were grown in Sabouraud dextrose broth 
(SDB), at 3,000 conidia/well of 96-well plate until germination 
(6 h), washed in sterile PBS and co-incubated with neutrophils. For 
AspHE preparation, conidia were grown in 500 ml SDB at 37°C 
for 5 days. SDB was removed from the fungi by vacuum filtration, 
and fungal mass was homogenized in a mortar and pestle under 
liquid nitrogen. Fungal homogenate was resuspended in RPMI 
1640 without phenol red and filtered through a 70 µM cell strainer. 
Protein content was measured by BCA assay (ThermoFisher), and 
AspHE stocks were stored at −20°C.

neutrophil isolation
Human neutrophils were isolated from the blood of healthy 
donors age 18–50. All human studies were approved by the 
University of California, Irvine institutional review board. 
Whole blood was mixed 1:1 with 3% dextran-PBS for 20 min to 
sediment red blood cells. The upper layer was overlaid on Ficoll 
Hypaque (GE Healthcare) and centrifuged at 500 × g for 25 min. 
The pellet containing granulocytes and RBCs was treated with 
1× RBC Lysis Buffer (eBioscience) and spun at 300 × g for 5 min 
to obtain a granulocyte pellet. Cells were resuspended in RPMI 
1640 and counted. Typical purity was >95%. Total bone marrow 
was isolated from the tibias, and femurs of mice and neutrophils 
were purified using the EasySep mouse neutrophil enrichment kit 
(Stemcell), routinely yielding >90% neutrophil population.

sYTOX green assay for extracellular Dna
Neutrophils were resuspended in RPMI 1640, no phenol red 
(Life Technologies) plus 10% FBS. Murine GM-CSF (20  ng/
ml, R&D Systems) and 200  µM CaCl2 were added to media 
for overnight mouse neutrophil experiments. In some assays, 
neutrophils were incubated at 37°C with inhibitors or blocking 
antibodies for 30  min before stimulation. Diphenyliodonium 
(DPI, Sigma-Aldrich) and a 10  mM stock solution in DMSO 
were prepared. The PAD4 inhibitors GSK484 and GSK106 
described in Ref. (19) were purchased from Cayman chemical, 
and 40 mM of stock solutions was prepared in DMSO. Blocking 
antibody for CR3, LEAF purified antihuman/mouse CD11b, 

M1/70 was purchased from BioLegend. Anti-Dectin-1 22H8 
blocking antibody was purchased from Invivogen. 2 × 105 cells/
well for human or 1 × 105 cells/well for mice were added to black 
96-well plates with optical bottoms (Corning)  ±  RPMI only,  
PMA (25  nM), particulate β-glucan (curdlan) (100  µg/ml) or 
AspHE (100 µg/ml) and 1 µM SYTOX Green nucleic acid stain 
(Life Technologies). Plates were incubated at 37°C, 5% CO2 in 
a Biotek Cytation 5 imaging plate reader, and fluorescence was 
measured every 30 min at 504/523 nm for up to 24 h. Plates were 
imaged at 40–200× using brightfield or GFP filters.

Quantification of reactive Oxygen
Neutrophils were resuspended in RPMI 1640 without phenol 
red (Life Technologies). In some assays neutrophils were incu-
bated at 37°C with inhibitors or blocking antibodies for 30 min 
before stimulation. 2  ×  105 cells/well were added to black 
96-well plates with optical bottoms (Corning) ± RPMI only or 
curdlan (100 µg/ml) plus 500 µM luminol (Sigma-Aldrich) in 
the absence of serum, and luminescence was measured every 
2 min for 2 h on a Biotek Cytation 5.

immunocytochemistry and Fluorescence 
imaging
Neutrophils were resuspended in RPMI 1640, no phenol red, 2% 
FBS at 2 × 106 cells/ml. In some assays, neutrophils were incu-
bated at 37°C with cytokines, inhibitors or blocking antibodies 
for 30 min before stimulation. Cells were plated on glass bottom 
8-well chamber slides (Ibidi) or poly-l-lysine coated glass cov-
erslips (Neuvitro) ± RPMI only or curdlan (100 µg/ml) for up 
to 24  h. Media were removed, and cells were fixed for 30  min 
in 4% formaldehyde in PBS. Cells were permeabilized in 0.1% 
Triton-X100 in PBS for 15 min and washed in PBS. Cells were 
stained for H3Cit (Abcam 5103) 1:100 and NE (SCBT) at 1:50 
overnight at 4°C. Slides were washed in PBST, and donkey anti-
rabbit Alexafluor 488 or donkey anti-goat Alexafluor 568 (Life 
Technologies) was added for 1  h at RT. Slides were washed in 
PBST, and 100 µl of PBS-DAPI was added to slides. Slides were 
imaged at 200× on a Biotek Cytation 5 using GFP, RFP and DAPI 
filters and on a Leica confocal at 600×.

s100a8 elisa
Mouse neutrophils were incubated in RPMI 1640  +  10% 
FBS + 20 ng/ml GM-CSF (R&D Systems) ± curdlan (100 µg/ml)  
or AspHE (100  µg/ml) at 1  ×  105 cells/well in 96-well plates 
as described (12). Plates were incubated at 37°C for 2 or 16 h, 
centrifuged at 300 × g for 3 min, and cell-free supernatants were  
collected. S100A8 was measured by ELISA (R&D Systems) accor-
ding to the manufacturer’s directions.

Fungal growth inhibition assay
These assays were performed as described recently (12). Briefly, 
A. fumigatus conidia were grown to a hyphal stage in 96-well 
plates and incubated 18 h at 37°C with 2 × 105 neutrophils/well. 
Following incubation, the supernatant was removed, and wells 
were stained with 50  µl Calcofluor white chitin stain (Sigma-
Aldrich) for 10 min. Wells were washed three times in ddH2O, 
and fluorescence was read on a Biotek Cytation 5 at 360/440 nM.
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A. fumigatus corneal infection
Mice were anesthetized, the corneal epithelium was penetrated 
with a 30 G needle, and 2 µl containing 50,000 conidia (dsRed 
Af293) were injected into the corneal stroma using a 33  G 
Hamilton syringe as described (12).

After 48 h, mice were euthanized, and corneas were imaged 
by brightfield to detect corneal opacity, and by fluorescence to 
detect dsRed hyphae. Images were analyzed, and corneal opacity 
and dsRed were quantified using Metamorph with the parameters 
described by us in detail (11, 34). Whole eyes were homogenized 
using a Retsch Mixer Mill bead homogenizer (QIAGEN Sciences, 
Germantown, MD, USA), and colony forming units were counted 
manually.

Flow cytometry
Corneas were carefully dissected to remove adherent iris mate-
rial and digested 1 h in collagenase type 1 (80u/cornea; Sigma-
Aldrich, cat no 234153). Total cells were collected and incubated 
with Fc block anti-mouse CD16/CD32 (clone 93, 16-0161-86; 
eBioscience), followed by anti-mouse neutrophil antibody (Ly6G, 
NIMP-R14-PE, ab125259; Abcam, Cambridge, MA, USA), and 
anti-CD11b-APC FAB1124A (R&D Systems, Minneapolis, MN, 
USA). We also used CD45-FITC (30-F11), Ly6C APC-Cy7 
(HK1.4), and Ep-CAM-PECy7 (G8.8), all from BioLegend. Total 
cells were examined in an ACEA Novocyte™ flow cytometer and 
analyzed following appropriate compensation.

immunofluorescence staining  
of Mouse corneas
Whole corneas were excised and immediately embedded in 
optimal cutting temperature (Thermo Fisher Scientific). Frozen 
sections (10  µm) were mounted on Superfrost™ Plus™ slides  
and stored at −80°C. Before staining, the slices were placed on 
a 37°C hot plate for 10 min followed by submersion in acetone 
for 10  min at −20°C. The slides were washed in PBS twice, 
permeabilized 5  min in 0.1% Triton-X/PBS, and incubated at 
room temperature for 1 h in blocking buffer containing 2% BSA 
and 0.1% Tween 20 with 1:200 Fc block (Anti-CD16/32; Tonbo 
Biosciences), and 10% donkey serum (Vector Labs).

Corneal sections (5 µm) were then stained at room tempera-
ture for 2 h with Ly6G antibody NIMPR14 at 40 µg/ml (Abcam) 
and 1:50 Rabbit polyclonal antibody to histone H3 (citrulline 
R2 + R8 + R17) (Abcam). Slides were rinsed three times in PBS, 
and then secondary antibodies, donkey anti-rabbit Alexa Fluor 
555 or goat anti-rat Alexa Fluor 488, were applied at 1:1,000 
(Invitrogen) for 1 h at room temperature. Slides were rinsed and 

mounted in Fluoromount with DAPI (Thermo Fisher Scientific). 
All images were acquired within 24 h.

statistical analysis
Experimental data from in vitro and in vivo studies were analyzed 
for significance from at least three independent experiments. 
Statistical significance for multiple parameters was determined 
using one-way ANOVA with Tukey post hoc analyses, or using 
Student’s t-test when only two parameters were compared.

All statistical analyses were performed with GraphPad Prism 
software, v6.0c (La Jolla, CA, USA). A p value < 0.05 was con-
sidered significant as indicated in the figure legends (*p ≤ 0.05, 
**p ≤ 0.01, and ***p ≤ 0.001).
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All animals were used in accordance with the guidelines of the 
Case Western Reserve University and University of California, 
Irvine Institutional Animal Care and Use Committee (IACUC). 
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18 and 65 years in accordance with the Declaration of Helsinki 
guidelines and the Institutional Review Board of the University 
of California (Irvine, CA, USA).
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Natural Killer Cells in Antifungal 
immunity
Stanislaw Schmidt, Lars Tramsen and Thomas Lehrnbecher*

Division for Pediatric Hematology and Oncology, Hospital for Children and Adolescents, Johann Wolfgang Goethe-University, 
Frankfurt, Germany

Invasive fungal infections are still an important cause of morbidity and mortality in immu-
nocompromised patients such as patients suffering from hematological malignancies or 
patients undergoing hematopoietic stem cell transplantion. In addition, other populations 
such as human immunodeficiency virus-patients are at higher risk for invasive fungal 
infection. Despite the availability of new antifungal compounds and better supportive 
care measures, the fatality rate of invasive fungal infection remained unacceptably high. 
It is therefore of major interest to improve our understanding of the host–pathogen inter-
action to develop new therapeutic approaches such as adoptive immunotherapy. As 
experimental methodologies have improved and we now better understand the complex 
network of the immune system, the insight in the interaction of the host with the fungus 
has significantly increased. It has become clear that host resistance to fungal infections is 
not only associated with strong innate immunity but that adaptive immunity (e.g., T cells) 
also plays an important role. The antifungal activity of natural killer (NK) cells has been 
underestimated for a long time. In vitro studies demonstrated that NK cells from murine 
and human origin are able to attack fungi of different genera and species. NK cells exhibit 
not only a direct antifungal activity via cytotoxic molecules but also an indirect antifungal 
activity via cytokines. However, it has been show that fungi exert immunosuppressive 
effects on NK cells. Whereas clinical data are scarce, animal models have clearly demon-
strated that NK cells play an important role in the host response against invasive fungal 
infections. In this review, we summarize clinical data as well as results from in vitro and 
animal studies on the impact of NK cells on fungal pathogens.

Keywords: natural killer cell, invasive fungal infection, Aspergillus, Candida, mucormycete, Cryptococcus, 
antifungal host response

iNTRODUCTiON

Invasive fungal infections are still associated with significant morbidity and mortality. For exam-
ple, a retrospective cohort study in the US demonstrated that as compared to patients without 

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; CD, cluster of differentiation; SRIR, self-recognizing 
inhibitory receptors; EBV, Epstein–Barr virus; CMV, cytomegalovirus; ALL, acute lymphoblastic leukemia; AML, acute myeloid 
leukemia; IFN, interferon; ILC, innate lymphoid cell; DCs, dendritic cells; RANTES, regulated upon activation, normal T-cell 
expressed, and secreted; CCL5, chemokine ligand 5; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF-α, 
tumor necrosis factor alpha; HSCT, hematopoietic stem cell transplantation; ROS, reactive oxygen species; CMCC, chronic 
mucocutaneous candidiasis; SLE, systemic lupus erythematosus; HIV, human immunodeficiency virus; IL, interleukin; TRAIL, 
tumor necrosis factor related apoptosis inducing ligand; IgG, immunoglobulin G; NADPH, nicotinamide adenine dinucleotide 
phosphate; Hsp, heat shock protein; NCR, natural cytotoxicity receptors; Gr-MDSC, granulocyte myeloid-derived suppressor 
cell; ITAM, immunoreceptor tyrosine-based activation motif.
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invasive aspergillosis, patients suffering from the infection had a 
significant longer hospital stay, caused significantly higher costs, 
and, most importantly, had a significant higher mortality (1).  
A population-based analysis of invasive fungal infections in 
France revealed that between 2001 and 2010, the incidence of 
invasive fungal disease due to Candida spp., Aspergillus spp., and 
mucormycetes increased by 7.8, 4.4, and 7.3% per year, respec-
tively, which was highly significant for each pathogen (2). In 
contrast to cryptococcosis, which often occurs in human immu-
nodeficiency virus (HIV)-patients, the population at high risk for 
candidemia, invasive aspergillosis, and mucormycosis includes 
in particular patients with hematological malignancies, patients 
undergoing hematopoietic stem cell transplantation (HSCT) 
and solid organ recipients (2–6). These patient populations are 
characterized by the impairment of multiple arms of the immune 
system (7, 8), such as of natural barriers, the phagocyte system, 
innate immunity, and lymphocytes, all of which may increase the 
risk for an invasive fungal infection. Therefore, it is not surprising 
that the mortality rate of invasive fungal disease is extremely high 
in these patient populations, exceeding 70% in HSCT recipients 
suffering from invasive aspergillosis or mucormycosis (4).

It is well known that the recovery of the immune system has 
a major impact on the outcome of invasive fungal infection in 
an immunocompromised patient (9, 10). Unfortunately, to 
date, immunomodulation using cytokine and growth factor 
therapies, as well as adoptive immunotherapeutic strategies such 
as granulocyte transfusions or the administration of Aspergillus-
specific T-cells did not significantly improve the prognosis of 
immunocompromised patients with invasive fungal disease (11). 
It is therefore of major interest to improve our understanding of 
the host–pathogen interaction to develop new therapeutic strate-
gies for immunocompromised individuals suffering from fungal 
infection. This review will summarize available clinical data as 
well as results from in vitro and animal studies on the impact of 
natural killer (NK) cells on fungal pathogens.

THe HOST ReSPONSe TO FUNGAL 
iNFeCTiON

Over the last decades, we could witness major advances not only 
in the understanding of the complexity of the immune system but 
also in our knowledge on the immunopathogenesis of invasive 
fungal infections. The host response to a fungal pathogen includes, 
but is not restricted to various cells of the innate and adaptive 
immunity such as monocytes, neutrophils, dendritic cells (DCs), 
T and B lymphocytes, as well as multiple soluble molecules such 
as collectins, defensins, cytokines including interferons (IFNs) 
(12, 13). Although it is known for a long time that severe and pro-
longed neutropenia (e.g., absolute neutrophil count ≤500/μl and 
duration of neutropenia ≥10 days) is the single most important 
risk factor for invasive aspergillosis, invasive Candida infection, 
and mucormycosis in patients receiving cytotoxic chemotherapy 
or undergoing allogeneic HSCT (9, 14), recent studies refined our 
understanding how neutrophils are controlling in particular the 
early stages of invasive fungal infection. Neutrophils are attracted 
by cytokines released by endothelial cells and macrophages and 

are able to quickly migrate to a focus of infection. In addition 
to recruiting and activating other immune cells by the produc-
tion of pro-inflammatory cytokines, neutrophils may attack 
as front-line defense invading pathogens by phagocytosis, the 
production of reactive oxygen intermediates, and the release 
antimicrobial enzymes to the formation of complex extracellular 
traps (NETs) that help in the elimination of the fungus (15). 
DCs transport fungal antigens to the draining lymph nodes, 
where they orchestrate T cell activation and differentiation (16).  
A number of lymphocyte subsets have an important impact in the 
antifungal immunity, such as Th1 cells (important for inflamma-
tion and fungal clearance), Th17  cells (neutrophil recruitment, 
defensins), Th22 cells (defensins, tissue homeostasis), and Treg 
cells (immunosuppression). In addition, a number of cytokines 
play important roles in the complex crosstalk between different 
cells of the immune system, which modify and regulate innate and 
adaptive immune responses, such as the induction of prolifera-
tion and differentiation, as well as the activation or suppression 
of different target cells (11–13). Still, many open questions have 
to be resolved, including the influence of the genetic background 
in the delicate interplay of immune cells, the interaction of the 
innate and adaptive immune system in balancing protection and 
immunopathology in fungal infections (12), and the influence of 
fungal microbiota or “mycobiota” on health and disease (17). More 
importantly, we have to learn how to modify the immune system 
in the combat against invasive fungal infections, in particular 
in the immunocompromised host, which includes not only the 
activation of the immune response to eliminate the pathogen but 
also its suppression to avoid collateral tissue damage.

NK CeLL BiOLOGY

Human NK cells, which originate from the bone marrow, repre-
sent up to 15% of peripheral blood mononuclear cells. They are 
characterized by the expression of CD56 and by the absence of the 
T cell marker CD3. According to the surface expression density 
of CD56 and CD16, NK  cells can be subdivided in two main 
subpopulations, namely the cytotoxic CD56dimCD16bright and the 
immune regulatory CD56brightCD16dim subsets (18). Although 
NK cells were originally considered as cells of innate immunity, 
they demonstrate qualities of the adaptive immunity such as 
immunological memory (19–22). In this regard, animal models 
and human studies indicate that NK  cells are able to develop 
long-lasting antigen-specific memory (23–26). It has been dem-
onstrated that memory-like NK cells display a less differentiated 
phenotype in CD56dim NK cells, which were CD94+NKG2A+ but 
CD57−KIR− (27). The name “natural killer cell” originally came 
from their ability to kill tumor cells in  vitro and in  vivo with-
out previous stimulation (22, 28–31). Their antitumor activity 
includes activity against acute lymphoblastic leukemia (32), acute 
myeloid leukemia (33), and neuroblastoma (34, 35). In addition 
to their antitumor activity, NK cells play an important role in the 
host response against various pathogens which includes viruses 
such as cytomegalovirus (CMV), Epstein–Barr virus (23, 36–38), 
or hepatitis B and C virus (37, 39, 40), and Gram-positive, Gram-
negative, and intracellular bacteria, such as Salmonella typhi, 
Escherichia coli (41), or Listeria monocytogenes (42).
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Natural killer cells eliminate their potential targets either by 
directly using cytotoxic molecules such as perforin or granzyme 
B, which are stored in granules, or by death receptor-mediated 
apoptosis (36). In addition, CD16 (FcγRIII) triggers antibody-
dependent cell-mediated cytotoxicity on opsonized target 
cells (36). Education and differentiation are considered to be 
important mechanisms for both direct and antibody-dependent 
functionality of NK  cells (43–45). Several models have been 
developed to explain the process of “education” (43, 45–49). In 
general, the expression of self-recognizing inhibitory receptors 
(SRIR) results in the development of NK cells toward fully func-
tional mature form, which has been termed as “licensing” process 
(50). In contrast, the “disarming” model describes NK  cells 
lacking SRIR that become anergic due to chronic activation (51). 
The more dynamic “rheostat model” has been used to describe 
that stronger inhibitory signaling through more SRIR interac-
tions results in a greater functional responsiveness of NK  cells  
(52, 53). Importantly, cytokine stimulation can prime SRIR-
deficient NK cells to a functional state (50), and uneducated cells 
are also able to combat viral infections, as SRIR-deficient NK cells 
strongly respond toward murine CMV (54).

In addition to the direct cytotoxic abilities, NK  cells have 
recently been classified closely to group 1 innate lymphoid cells, 
which are characterized by the production of IFN-γ, whereas 
type 2 cytokines are not produced (55). Via the release of 
chemokines and cytokines such as IFN-γ, tumor necrosis factor 
alpha (TNF-α), granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), or chemokine ligand 5 (CCL5) [regulated upon 
activation, normal T-cell expressed, and secreted (RANTES)], 
NK cells modulate the activity of various immune cells including 
neutrophils, DCs, and T cells (46, 56), which complements their 
direct anti-pathogen and antibody-mediated activities.

NK CeLLS AND iNvASive FUNGAL 
iNFeCTiON: CLiNiCAL OBSeRvATiONS

Although clinical data suggest the importance of NK  cells in 
the risk and outcome of invasive fungal infection, the exact 
role of NK  cells is difficult to determine as multiple cells are 
involved in the antifungal host response, and as these cells 
interact in a complex network with both positive and negative 
feedback mechanisms (7, 8). A recent study analyzed 51 patients 
undergoing allogeneic HSCT, among them 9 patients in whom 
proven or probable invasive aspergillosis occurred (10). The 
study evaluated both the quantitative and qualitative reconstitu-
tion of immune cells including polymorphonuclear cells, CD4+ 
T  cells, CD8+ T  cells, and NK  cells, and the authors reported 
two important observations: first, transplant recipients suffer-
ing from invasive aspergillosis displayed insufficient NK  cell 
recovery with cell counts remaining less than 200/μl as well as 
lower reactive oxygen species (ROS) production. Second, HSCT 
transplant recipients who were cured from invasive aspergillosis 
had significantly higher ROS production and higher NK  cell 
counts as compared to those patients who had a poor outcome 
of the invasive fungal infection. As both cell count and ROS 
production were altered in each of the analyses, the importance 

of the NK cell count as single risk and single prognostic factor for 
invasive aspergillosis remains unresolved. Another study evalu-
ated 396 patients undergoing solid organ transplantation (57).  
A total of 304 patients were kidney and 92 patients were liver 
transplant recipients, and median followed-up time was 
504.5 days after transplantation. The analysis demonstrated that 
1 month after transplantation, patients who did not develop inva-
sive fungal disease at a later time point had significantly higher 
mean NK cell count as compared with those patients who devel-
oped fungal disease. In the non-transplant setting, larger clinical 
studies on the impact of NK cell-mediated immunity on fungal 
infections are lacking. Although it was observed that patients suf-
fering from chronic mucocutaneous candidiasis (CMCC) have a 
decrease of both NK cell number and cytotoxic activity (58–60), 
the exact impact of NK cells in the pathogenesis of the infection 
or in the progression of the disease is hard to define, in particular 
as cell-mediated immunity is also impaired in patients with 
CMCC. Although it may very well be that the pathologic NK cell 
findings are a risk factor for CMCC, other possible explanations 
for the decreased NK cell count and NK cell activity include that 
the fungus had a negative impact on originally normal NK cells, 
or that the observation is an epiphenomenon only. Similarly, it 
was reported that a patient developed a Trichophyton rubrum 
infection during corticosteroid treatment for systemic lupus 
erythematosus (61). Although immunosuppressive therapy was 
stopped, the infection remained. Further evaluation demon-
strated that both numbers and activity of NK cells were reduced. 
The authors speculated that the impairment of the NK cells was 
causing the infection, but again, one could also argue that the 
infection resulted in a decreased NK cell number and NK cell 
activity in this individual patient.

NK CeLLS DAMAGe vARiOUS  
FUNGi IN VITRO

Multiple studies published over the last three decades demonstrate 
that both murine and human NK cells exhibit antifungal activ-
ity in vitro against various fungal pathogens, such as Aspergillus 
fumigatus, Aspergillus niger, Candida albicans, Cryptococcus neo-
formans, Paracoccidioides brasiliensis, Rhizopus oryzae, and other 
mucormycetes including Lichthemia ramosa or Absidia corymbif-
era (62–70) (Figure 1). NK cells damage the hyphal form of A. 
fumigatus and R. oryzae, but are not able to exhibit fungicidal activ-
ity toward conidia (62, 63, 65). In C. albicans, human NK cell are 
cytotoxic against germ tubes and additionally are able to phagocyte  
C. albicans yeasts (8 ± 0.5% of C. albicans yeasts were phagocy-
tosed by NK cells within the first 2 h of interaction) (70). The lack 
of antifungal activity against conidia may be explained by the fact 
that conidia are often protected by capsules, by pigments such 
as melanin, or by hydrophobic layers, all of which may prevent 
recognition by various immune cells (71–74). For example, the 
rodlet/hydrophobin layer on dormant A. fumigatus conidia 
masks the recognition by the immune system and thus prevents 
an host immune response, whereas the genetical removal the rod-
let/hydrophobin layer in dormant conidia of the ΔrodA mutant 
resulted in the induction of maturation and activation of human 
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FiGURe 1 | Interplay of NK cells and fungal pathogens. Various fungal pathogens are able to activate NK cells. Once activated, NK cells directly damage fungi by 
cytotoxic molecules such as perforin or release cytokines, by which they modulate the antifungal host response via various immune cells. On the other hand, the 
fungus may compromise the host immune system. Green arrows indicate activation/stimulation, red arrows inhibition/damage. ADCC, antibody-dependent cell 
mediated cytotoxicity; IFN, interferon; GM-CSF, granulocyte-macrophage colony-stimulating factor; NK, natural killer.

TABLe 1 | Natural killer (NK) cell receptors in antifungal response.

Receptor Origin Ligand Fungus Remarks Reference

NKp30 Human, 
YT cell 
line

Undefined pathogen-
associated molecular 
pattern

Candida albicans, 
Cryprococcus 
neoformans

NKp30 required for YT cell cytotoxicity toward fungal pathogens in vitro
siRNA knockdown of NKp30 results in decreased release of perforin
Addition of anti-NKp30 antibody or inhibition of NKp30 via siRNA results in  
decreased antifungal activity

Li et al. (68)

NKp46 Human Fungal adhesins Epa1, 
Epa6, Epa7

Candida glabrata Human NKp46 and mouse ortholog NCR1 bind C. glabrata in vitro Vitenshtein 
et al. (77)NCR1 Mouse Clearing of systemic C. glabrata infection in vivo depends on recognition  

of fungal adhesins by NCR1

CD56 Human Unknown Aspergillus 
fumigatus

Blocking of CD56 by inhibitory antibodies reduces fungal-mediated NK cell  
activation and inhibits amount of secreted cytokines in vitro

Ziegler  
et al. (80)

CD16 Mouse Cryptococcal 
polysaccharide

Cryptococcus 
neoformans

Purified IgG fraction of rabbit anticryptococcal antibody augments growth  
inhibitory activity of murine splenic NK cells in vitro

Nabavi and 
Murphy 
(81)
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DCs (71). Similarly, the lack of a capsule in the strain CAP67 of 
the yeast-like fungus C. neoformans leads to a higher expression 
of the cytotoxic molecule perforin by NK cells as compared to the 
encapsulated strain B3501 (75).

ReCOGNiTiON OF FUNGi BY NK CeLLS

Over the last years, there were major advances in the identifi-
cation and characterization of receptors by which NK  cells 
recognize fungal pathogens (Figure 1, Table 1). NK cells express 

unique activating receptors on their surface, which are called 
natural cytotoxicity receptors (NCR) 1–3 (NKp46, NKp44, and 
NKp30; CD335–CD337). Studies using blocking antibodies and 
siRNA to knockdown the NKp30 expression on the surface of 
the cell line YT demonstrated that NK cells are able to directly 
recognize C. albicans and C. neoformans by the NKp30 receptor, 
which further mediates killing of these fungi (68). However, poly-
morphonuclear neutrophils and granulocyte myeloid-derived 
suppressor cells may decrease the NKp30 expression on NK cells, 
which results in reduced cytotoxicity toward A. fumigatus and a 
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decrease in IFN-γ secretion (76). Recently, the NKp46 receptor 
and its mouse ortolog NCR1 were identified to play an important 
role in the NK  cell-mediated killing of C. glabrata (77). It was 
speculated whether NKp46/NCR1 may be a novel type of pattern 
recognition receptor, as these receptors not only recognize the  
C. glabrata adhesins Epa1, Epa6, and Epa7 but also bind viral 
adhesion receptors (77). The importance of the receptor is under-
lined by the observation that NCR1-deficient mice were unable 
to clear C. glabrata systemic infection (77). Because several fungi 
including Aspergillus, Cryptococcus, and Coccidioides express 
adhesins (78), further studies have to evaluate whether and to 
what extent these fungal adhesins are recognized by which of the 
NK cell receptors (79).

Recent studies suggested CD56 as pathogen recognition 
receptor, as it was demonstrated by flow cytometry that the fluo-
rescence positivity of the surface receptor significantly decreased 
upon fungal contact (80). The authors could visualize the direct 
interaction of NK cells and A. fumigatus via CD56, which was re-
organized and accumulated at this interaction site time depend-
ently. Importantly, blocking of CD56 surface receptor reduced 
fungal-mediated NK  cell activation and reduced cytokine 
secretion. Earlier studies have demonstrated that the low-affinity 
Fc-receptor CD16 [FcγRIIIa (CD16a) and FcγRIIIb (CD16b)] is 
also involved in the antifungal activity of NK cells, as NK cells 
inhibited the growth of Cryptococci more effectively in the pres-
ence of anti-cryptococcal IgG antibodies than in the presence of 
normal rabbit serum or medium (81). However, it is important to 
note that primary and pre-activated NK cells downregulate CD16 
after contact with C. albicans, which has also been described for 
the cellular adhesin CD56 and immunoreceptor tyrosine-based 
activation motif-bearing receptors NKG2D (CD314) and NKp46 
(CD335) (70). Taken together, we just begin to understand the 
complexity how NK cells are being activated by fungal pathogens.

DiReCT DAMAGe OF FUNGAL 
PATHOGeNS BY NK CeLLS

Various mechanisms are described by which NK cells directly kill 
tumor cells, which include the release of soluble cytotoxic mol-
ecules such as perforin or granzyme, or the induction of apoptosis 
by the Fas–FasL or the TNF pathway. Regarding fungal patho-
gens, several studies reported on the importance of lytic granules 
released by NK cells. For example, the use of monensin, which 
inhibits granule secretion, partially abrogated the growth inhibi-
tion of C. neoformans by human NK cells [reviewed in Ref. (79)].  
It further became clear that mainly perforin and granulysin 
mediate the direct NK cell cytotoxicity toward fungal pathogens 
(67, 82). When pretreating human NK cells with concanamycin 
A (ConA), which induces accelerated perforin degradation via an 
increase of pH in the lytic granules, significantly less damage of 
A. fumigatus and R. oryzae hyphae can be observed as compared 
to the addition of untreated NK cells to the fungus (62, 63, 83). 
Other studies used purified perforin and reported on fungal dam-
age of A. fumigatus hyphae (62), the inhibition of filamentation 
of C. albicans (84), and the inhibition of the metabolic activity of  
C. albicans and R. oryzae in a dose-dependent manner (63, 70). 

The fact that ConA did not totally abrogate NK  cell-mediated 
fungal damage suggests that other molecules than perforin 
also participate in the antifungal activity of human NK cells, as 
reported for A. fumigatus, C. albicans, and R. oryzae. Interestingly, 
inhibition of perforin by ConA or by small interfering RNA 
decreased NK cell anti-cryptococcal activity, whereas inhibition 
of granulysin did not alter the antifungal effect (67). However, it 
has been shown that the defective anti-cryptococcal activity of 
NK cells from HIV-patients can be corrected by ex vivo treatment 
with interleukin (IL)-12 (68), as IL-12 restores the lower perforin 
expression in NK cells from HIV-infected patients as well as the 
defective granule polarization in response to C. neoformans (85). 
In tumor cells, perforin perforates the membrane of the target, 
which leads to an influx of water and a loss of intracellular mol-
ecules, resulting in cell lysis (86, 87). Similarly, granulysin disrupts 
the target cell membrane, which results in higher intracellular 
calcium and lower intracellular potassium concentrations, both 
of which ultimately activate caspases and programmed cell death 
(apoptosis) (88–92). However, it is important to note that the 
mechanisms of the antifungal effect of perforin and granulysin 
have not fully been elucidated to date.

There is an ongoing controversy on the direct antifungal 
effect of IFN-γ. One study reported on a direct IFN-γ-mediated 
antifungal activity of NK  cells against Aspergillus, which was 
independent of degranulation of NK  cells and their cytotoxic 
molecules (65). The authors suggested as explanation that “IFN-γ 
might cooperate with fungal ribotoxins, (…), transforming them 
into suicide molecules for fungus” (65). Similarly, it was demon-
strated that IFN-γ at a concentration of 32 pg/ml exhibited a small 
but significant antifungal effect on A. fumigatus, A. flavus, and 
Saccharomyces cerevisiae, and inhibited the growth by 6, 11, and 
17%, respectively (93). As higher concentrations of IFN-γ, e.g., 
50 or 100 pg/ml, did not increase antifungal activity, and IFN-γ 
serum levels of 18 ± 30 pg/ml can be detected in healthy individu-
als (94), the importance of the direct antifungal effect in vivo is 
questionable. Corroborating the data of another report (70), no 
significant antifungal effects of IFN-γ were detected in Candida 
and C. neoformans (93). However, it is important to note that a 
combination of amphotericin B at a concentration of 1  µg/ml  
and IFN-γ at 32 pg/ml increased the efficacy of amphotericin B 
against A. fumigatus, which might be important for immuno-
therapeutic strategies.

Inducing apoptosis via the Fas–FasL or the TNF pathway is 
another mechanism by which NK cells are able to kill a target and 
has been described for various tumor cells as well as for pathogen 
infected cells (95, 96). Whereas data on apoptosis are missing for 
molds, apoptosis in yeast cells has been reported, but molecular 
mechanisms at the core of apoptotic execution is still unknown 
(97, 98). One recent study reported that blocking the death 
receptor ligands FasL and tumor necrosis factor-related apoptosis 
inducing ligand on the surface of human NK cells by antibodies 
did not have any impact on the antifungal activity (70). In addi-
tion, phagocytosis may be another mechanism of direct fungal 
damage by NK cells, which has been reported for C. albicans yeast 
(70). Notably, the IgG fraction of rabbit anti-cryptococcal serum 
enhanced the anti-cryptococcal activity of NK  cells via their 
CD16 receptor (81).
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MODULATiON OF THe ANTiFUNGAL 
HOST ReSPONSe BY NK CeLLS

Upon stimulation, NK  cells produce various cytokines, all of 
which modulate the host immunity against fungi. IFN-γ is one of 
the key molecules in the antifungal host response and is constitu-
tively produced by NK cells (99). IFN-γ exhibits multiple effects 
on various immune cells. For example, IFN-γ is able to stimulate 
migration, adherence, phagocytosis, as well as oxidative killing 
by neutrophils and macrophages. Conditioned medium from co-
incubation of NK cells and C. albicans enhanced polymorpho-
nuclear neutrophil activation (70). In addition, data of a murine 
model demonstrated the pivotal role of IFN-γ-producing NK cells 
in inducing the phagocytic activity of splenic macrophages, thus 
mediating protection against systemic infection with C. albicans 
(100). As NK cells are the main source of IFN-γ in neutropenic 
mice suffering from aspergillosis, depletion of NK cells resulted 
in diminished IFN-γ levels in the lungs followed by an increased 
fungal load (101). Interestingly, the fungal load could be reduced 
by the transfer of wild-type IFN-γ producing NK cells, whereas 
this was not seen when transferring NK cells from IFN-γ-deficient 
mice. Because IFN-γ also enhances maturation of DCs and plays 
a pivotal role in the protective TH1 cell response (11, 12, 102), the 
molecule was used as immunotherapy in invasive fungal disease. 
Whereas the administration of IFN-γ to mice with invasive 
aspergillosis was leading to reduced fungal burden and increased 
survival (103), available clinical data are inconclusive and do not 
allow a final conclusion on the usefulness of this strategy (11).

In addition to IFN-γ, NK  cells produce soluble molecules 
such as GM-CSF and RANTES, both of which augment the host 
immune response via the stimulation of phagocytes and T cells, 
respectively (104–106).

iNTeRPLAY OF NK CeLLS AND FUNGi

Fungi have developed strategies to counteract the complex 
and sophisticated antifungal immune response of the host. For 
example, A. fumigatus galactosaminogalactan induces apoptosis 
of polymorphonuclear neutrophils (107). Shedding of this 
molecule results in NK cell activation, which, in turn, leads to 
a Fas-dependent apoptosis-promoting signal in polymorphonu-
clear neutrophils (108). Galactosaminogalactan also induces IL-1 
receptor antagonist, which leads to the suppression of IL-17 and 
IL-22 in peripheral blood mononuclear cells (109), and similar 
effects were observed with Aspergillus chitin (110). In addition, 
mycotoxins such as gliotoxin or aflatoxin (111) inhibit the phago-
cytic activity of macrophages, induce the apoptosis of monocytes, 
decrease the activation of nicotinamide adenine dinucleotide 
phosphate oxidase in neutrophils, and impair functional T cell 
responses (112–116), all of which hampers the host immune 
response toward the pathogen.

When NK  cells are co-incubated with A. fumigatus or  
R. oryzae, lower levels of IFN-γ, GM-CSF, and RANTES are detected 
in the supernatant as compared to NK  cells incubated alone  
(62, 63). Surprisingly, A. fumigatus increases the gene expres-
sion of IFN-γ in NK cells, but inhibits its release, thus leading 

to intracellular accumulation and decreased extracellular avail-
ability (117). Similarly, various mucormycetes affect the IFN-γ 
release by human NK cells (64). In contrast, earlier studies report 
that C. neoformans downregulates of the production of GM-CSF 
and TNF-α in unstimulated human NK cells, as assessed by gene 
expression and supernatant protein levels (118).

When looking at the fungal pathogen, it has been demonstrated 
that co-incubation of NK cells with A. fumigatus upregulated the 
expression of several stress-related fungal genes (117). This has 
been demonstrated for the heat shock protein hsp90 or the ferric 
reductase freB (117). In A. fumigatus, Hsp90 plays an important 
role in the compensatory repair mechanisms of the cell wall in 
response to stress induced by antifungals, and Hsp90 has been 
described as a trigger for resistance to high concentrations of 
caspofungin, known as the paradoxical effect (119). FreB has 
recently been identified as an important enzyme in filamentous 
fungi which helps the fungus to adapt to iron starvation (120). 
Similarly, perforin-induced reduction of iron availability leads to 
the upregulation of the gene expression of CSA2 in C. albicans, 
which is involved in the uptake of iron of human hemoglobin 
(84). Further characterization of specific interactions of the 
host immune system and fungal pathogens might identify novel 
targets for the antifungal armamentarium, e.g., the disruption of 
Hsp90 circuitry by Hsp90 inhibitors or anti-calcineurin drugs.

NK CeLLS AND iNvASive FUNGAL 
iNFeCTiON: ANiMAL STUDieS

The few data of animal models clearly support the in vitro find-
ings that NK cells play an important role in the antifungal host 
immune response. An early study in mice infected with A. niger 
demonstrated the association of the proliferation of NK  cells 
and the inhibition of fungal growth (69). In addition, depletion 
of NK  cells in mice inoculated with C. neoformans resulted in 
a considerably higher fungal load in the lungs as compared to 
untreated animals (121). In addition, antibody-mediated deple-
tion of NK cells also decreased the phagocytosis of C. albicans by 
splenic macrophages as compared to controls (5.2 versus 21.5%) 
(100), and depletion of NK cells in mice via anti-asialo GM1 anti-
body resulted in enhanced susceptibility to Histoplasma capsula-
tum (122). Interestingly, in neutropenic mice, antibody-mediated 
depletion of NK cells also resulted in impaired clearance of the 
pathogen from the lungs and in a greater than twofold increase in 
mortality as compared to neutropenic mice with NK cells (123).

Importantly, the adoptive transfer of NK cells in mice lack-
ing these cells can restore antifungal resistance. For example, in 
cyclophosphamide-pretreated mice suffering from cryptococ-
cosis, the adoptive transfer of NK cell-enriched cell populations 
resulted in an enhanced clearance of the fungus as compared to 
controls receiving NK cell-depleted grafts (124, 125). As noted 
above, NK cell-derived IFN-γ plays an important role in the anti-
fungal host response. NK cell depletion in neutropenic mice with 
invasive aspergillosis was leading to reduced lung IFN-γ levels 
and increased pulmonary fungal load, which was independent 
of T and B cell lymphocytes (101). However, the transfer of acti-
vated NK cells from wild-type, but not from IFN-γ-deficient mice 
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resulted in better clearance of A. fumigatus from the lungs of both 
IFN-γ-deficient and wild-type recipients. Based on these findings, 
future studies have to assess in which clinical circumstances the 
adoptive transfer of NK cells to an immunocomoromised host 
suffering from an invasive fungal infection will be of benefit.

CONCLUSiON AND PeRSPeCTiveS

There is increasing evidence that NK cells play an important role 
in the antifungal host response. In vitro data show that multi-
ple fungal pathogens are able to activate NK  cells, and further 
research will hopefully shed more light in the characterization 
of the complex interplay of NK cell receptors and fungal ligands. 
Once activated, NK cells directly damage the fungus by soluble 
cytotoxic molecules such as perforin, whereas the role of other 
mechanisms such as the induction of apoptosis via different 
pathways is still relatively unclear. In addition to the direct fungal 
damage, NK cells release multiple cytokines and IFNs by which 
they modulate the immune system, e.g., via neutrophils and 

T cells. As cure from an infectious complication not only depends 
on the successful activation of the immune system but also from 
a timely downregulation and resolution of the inflammatory pro-
cess, further research needs to characterize the release of pro- and 
anti-inflammatory molecules. How and to what extent the fungus 
itself alters its gene expression profile in the presence of NK cells 
remains another research gap. In this regard, we have to learn how 
the fungus compromises the host immune system, which might 
offer new targets in our combat against the pathogen. In addition, 
animal studies will help to clarify the benefit and potential risks 
of using NK cells as adoptive preventive or therapeutic strategy, 
which may be a significant step toward decreasing morbidity and 
mortality of invasive fungal infection in the clinical setting.
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Due to the effectiveness of combined antiretroviral therapy, people living with HIV 
can control viral replication and live longer lifespans than ever. However, HIV-positive 
individuals still face challenges to their health and well-being, including dysregulation 
of the immune system resulting from years of chronic immune activation, as well as 
opportunistic infections from pathogenic fungi. This review focuses on one of the key 
players in HIV immunology, the plasmacytoid dendritic cell (pDC), which links the innate 
and adaptive immune response and is notable for being the body’s most potent pro-
ducer of type-I interferons (IFNs). During chronic HIV infection, the pDC compartment 
is greatly dysregulated, experiencing a substantial depletion in number and compro-
mise in function. This immune dysregulation may leave patients further susceptible to 
opportunistic infections. This is especially important when considering a new role for 
pDCs currently emerging in the literature: in addition to their role in antiviral immunity, 
recent studies suggest that pDCs also play an important role in antifungal immunity. 
Supporting this new role, pDCs express C-type lectin receptors including dectin-1, 
dectin-2, dectin-3, and mannose receptor, and toll-like receptors-4 and -9 that are 
involved in recognition, signaling, and response to a wide variety of fungal pathogens, 
including Aspergillus fumigatus, Cryptococcus neoformans, Candida albicans, and 
Pneumocystis jirovecii. Accordingly, pDCs have been demonstrated to recognize  
and respond to certain pathogenic fungi, measured via activation, cytokine production, 
and fungistatic activity in vitro, while in vivo mouse models indicated a strikingly vital 
role for pDCs in survival against pulmonary Aspergillus challenge. Here, we discuss 
the role of the pDC compartment and the dysregulation it undergoes during chronic 
HIV infection, as well as what is known so far about the role and mechanisms of pDC 
antifungal activity.

Keywords: plasmacytoid dendritic cells, C-type lectin receptors, toll-like receptors, innate antifungal  
immunity, Hiv

iNTRODUCTiON

An estimated 33 million people were living with HIV/AIDS worldwide in 2015 (1). Although the 
development of combined antiretroviral therapy has allowed HIV patients to suppress viral replica-
tion and live longer lifespans (2, 3), HIV evades the immune system and persists, causing chronic 
immune activation and inflammation (4). The persistence of infection and immune activation 
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leads to significant detrimental changes that occur in the body, 
and pose major threats to patients’ well-being; in fact, in 2010, 
HIV/AIDS was still the fifth leading cause of disease burden 
worldwide (5).

Arguably the most significant pathological process faced by 
treated and untreated patients alike is the erosion of the immune 
system. HIV infection famously depletes CD4+ T-helper (TH) 
cells, first quickly in the acute phase of infection, followed by 
a near-total recovery in numbers, and finally a steady decline 
over a number of years (4) leaving the adaptive immune sys-
tem at a tremendous disadvantage. T-cell depletion occurs via 
mechanisms such as direct infection, bystander effects due to 
chronic inflammation, and senescence (4, 6). The dysfunction of 
the immune system is also much broader; almost every known 
immune cell type has been associated with a dysfunction due to 
chronic HIV infection. Because HIV gains access to a cell via its 
interaction with CD4 and co-receptors CXCR4 and CCR5, it also 
has the capacity to infect other cells that express those receptors, 
including monocytes, macrophages, and plasmacytoid dendritic 
cells (pDCs) (4). In addition, the immune system may be further 
dysregulated due to chronic innate immune activation and the 
continued production of normally beneficial cytokines (7).

This erosion of the immune system leaves patients hyper-
susceptible to a variety of opportunistic infections, including 
fungal infections not commonly seen in the general population. 
For example, Candida albicans infection is the most common 
fungal infection in HIV patients. While it usually presents as 
oropharyngeal thrush, it can span a broad spectrum of sever-
ity from asymptomatic to invasive candidiasis (8). The most 
common systemic fungal infection in the HIV population is 
cryptococcal meningitis, caused by Cryptococcus neoformans. 
Cryptococcal meningitis causes 181,000 deaths a year in HIV-
positive patients, accounting for 15% of global AIDS-related 
deaths (9, 10). Aspergillus fumigatus is the causative agent of 
invasive Aspergillosis, which is less common in the context of 
HIV infection but is particularly aggressive and difficult to treat, 
resulting in a median survival of only 3 months after diagnosis 
(11, 12). These and other pathogenic fungi take advantage of 
an HIV patient’s impaired immune system. Studies early in the 
HIV epidemic suggested that HIV patients are much more likely 
to develop opportunistic infections when two events occur: 
absolute CD4+ cell counts drop below 250 cells/mm3, and inter-
feron (IFN)-α production by virus-stimulated peripheral blood 
mononuclear cells (PBMCs) drops below 300 IU/ml (13). It is the 
latter that makes pDCs a cell type of great interest when studying 
HIV infection, as they are the body’s most potent producers of 
type-I IFNs. pDCs produce up to 100-fold more IFN-α than any 
other cell type in response to viral stimulation and serve as an 
important link between the innate and the adaptive branches of 
the immune system (14–16). pDC IFN production and influence 
over the rest of the immune response has made these cells the 
subject of extensive investigation in human and mouse models. 
Importantly, murine systems do not perfectly represent human 
ones, and studies on mouse pDC function must also be inves-
tigated in humans. For example, toll-like receptor (TLR) 9 is 
broadly expressed by murine myeloid cells, but is more limited 
to pDCs and B-cells in humans (17). Similarly, murine pDCs 

commonly produce IL-12 while human pDCs rarely, if ever, 
produce IL-12 (18).

Plasmacytoid dendritic cell dysregulation during chronic 
HIV infection has garnered attention due to the potentially far-
reaching effects on patient outcome and well-being. However, 
an interesting development in the field of pDC research is the 
investigation into their role in fungal infection. Studies have dem-
onstrated that pDCs have the machinery needed to recognize and 
respond to fungal stimulation, that they in fact do respond with 
certain cellular functions, and that they are necessary in vivo for a 
successful antifungal immune response. In this review, we outline 
the current paradigm concerning pDCs’ role in viral immunity 
and describe the dysregulation of the pDC compartment during 
chronic HIV infection. We then switch gears to the role of pDCs 
in antifungal immunity, where we highlight the components of 
fungal immunity that pDCs possess, and summarize what has 
been discovered to date concerning the mechanisms of pDC 
antifungal activity.

pDCs iN ANTiviRAL iMMUNiTY

Both the innate and the adaptive immune responses play active 
roles in combating viral infections such as HIV. The adaptive 
immune response includes a strong CD4+ and CD8+ T-cell 
response, as well as the production of neutralizing antibodies that 
begins during the acute phase of infection (19, 20). Mobilization 
of the adaptive immune response depends in part on pDCs, a 
lineage-negative subtype of dendritic cells that derives its name 
from a plasma-cell-like morphology. Although pDCs comprise 
only 0.2–0.8% of PBMC (14, 15, 21), their powerful immu-
nomodulating capabilities make pDCs highly influential to the 
development of the immune response to HIV infection, and a 
lack of sufficient pDC numbers or function corresponds with 
high viral loads and opportunistic infections (22).

Human pDCs are generally found in peripheral blood and 
lymphoid tissue, so if an infection occurs in a different tissue (e.g., 
the lung or mucosa), they must migrate to sites of infection or 
inflammation by responding to chemokines. This occurs primar-
ily via the chemokine receptors CMKLR1, CCR7, CXCR3, and 
CXCR4 (22–24) as well as through homing molecules, such as 
CD62L, which binds L-selectin and allows pDCs to track to high 
endothelial venules and the gut homing receptor α4β7 (25). Once 
at the site of infection, pDCs directly recognize and respond to 
viral stimulation. The initial interaction between pDCs and HIV 
virions is possible because pDCs express the surface molecules 
that are targeted by HIV: CD4, CCR4, and CXCR5, as reviewed 
in Ref. (16). The interaction between the virus and CD4 allows 
the pDC to endocytose the virus, which induces activation in a 
TLR-dependent or -independent manner.

In the TLR-dependent pathway, the endocytosed virus is 
delivered to endosomes in pDC that contain TLR-7 and 9. 
Acidification of the endosomes allows TLR-7 and 9 to access viral 
RNA or unmethylated CpG motifs, including that in viral DNA, 
respectively (26, 27). These TLRs have the capacity to recognize 
a host of viral, bacterial, and fungal nucleic acids, as well as small 
molecule artificial ligands such as imiquimod and resiquimod 
(28, 29). Ligation of TLR-7 or 9 induces a MyD88-dependent 
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activation pathway that ultimately leads to pDC activation and 
cytokine production (30). Although less well-characterized 
than the TLR-dependent pathway, evidence exists for a TLR-
independent activation pathway in pDCs. For example, one 
study found that IFN-α production by murine pDCs in response 
to Sendai virus was not abrogated in MyD88−/− mice and was not 
dependent on endosomal acidification, both of which are required 
for TLR9 signaling (31). Another study found that murine pDC 
IFN-α production in response to HSV-1 was not completely 
dependent on TLR9 (32). However, specific mechanisms of TLR-
independent pDC activation and cytokine production are still 
under investigation.

Both the TLR-dependent and -independent signaling path-
ways converge on interferon regulatory factor (IRF) 7, the master 
regulator of IFN production which is constitutively expressed 
by pDCs at uniquely high levels (30, 33, 34). Phosphorylation 
of IRF7 causes it to translocate into the nucleus and induce the 
transcription of IFN genes, producing high concentrations of 
type-I IFN (35). TLR-7 and -9 ligation also lead to the activation 
of transcription factor NF-κB, which induces the production of  
inflammatory cytokines/chemokines and the upregulation of 
co-stimulatory molecules (21, 36). Activated pDCs can then 
produce type-I IFNs, type-III IFNs, and a network of other 
cytokines and chemokines. They also have the ability to become 
antigen-presenting cells, at which point they develop a morphol-
ogy resembling conventional DCs (cDCs) (36–38).

Perhaps the most significant contribution of pDCs to antiviral 
immunity is the production of massive amounts of type-I IFNs 
(mainly α and β) in response to viral stimulation. Most notably, 
pDCs can produce 100–1,000 times more type-I IFN than any 
other cell type (39–41). It has even been reported that as much 
as 60% of genes expressed in an activated pDC are dedicated to 
the production of type-I and type-III IFNs (42). Type-I IFNs all 
bind the same receptor, the IFN-α/β receptor, which is widely 
expressed by most nucleated cells in the body. The IFN-α/β 
receptor is composed of two subunits, IFNAR1 and IFNAR2, that 
form a heterodimer upon ligation of type-I IFN (43). IFNAR-
associated Janus kinases then phosphorylate STAT1 and STAT2, 
which form a complex with IRF9 called the ISGF3 complex. The 
resulting signaling cascade activates gene transcription for factors 
that produce an antiviral state in surrounding tissues and mobi-
lizes virtually all types of immune cells to combat viral infection 
(44, 45). For example, IFN-α acts as a survival, maturation, and 
cytokine/chemokine production factor for pDCs (46, 47) and 
cDCs (48), activates natural killer cells (26), biases the immune 
system toward a TH1 response (49, 50), primes CD8+ T-cells and 
induces memory CD8+ T-cells (51–53), promotes the develop-
ment of regulatory T (Treg) cells (54), and enhances antibody 
production against soluble antigen (55). These effects, among 
others, are critical for the inhibition of viral replication and are 
why type-I IFNs are arguably the most important cytokines in 
antiviral immunity.

In addition to type-I IFNs, pDCs also produce type-III IFNs 
(IFN-λ1–3) after viral stimulation (38). The IFN-λ receptor is 
expressed on a much more limited scale than the IFN-α/β recep-
tor—primarily epithelial cells and pDCs (38, 56)—suggesting 
that the biological activity of IFN-λ is more narrow than that 

of type-I IFN. However, type-I and type-III IFN share many 
common features: their signaling pathways include many of 
the same factors, including STAT1, STAT2, and the formation 
of the ISGF3 complex; they also activate several common genes  
(57, 58). Functionally, IFN-λ also has antiviral effects, especially 
for the protection of epithelial cells (59), the enhancement of 
TLR-mediated signaling in pDCs (56), development of Treg 
cells (60), and biasing toward a TH1 response by reducing IL-13 
expression (61). However, it has also been reported that IFN-λ 
can be antagonistic to type-I IFN antiviral activity (62).

Other than IFNs, pDCs are able to produce several other 
cytokines and chemokines. NF-κB activation after viral stimu-
lation induces pDCs to produce inflammatory cytokines and 
chemokines such as IL-12 (in murine but not human pDC), TNF-
α, RANTES, IL-10, IP-10, IL-6, MIP-1α, and MIP-1β (36, 63). 
One study identified 12 chemokines that are produced in three 
distinct waves by pDCs in the hours following influenza virus 
infection (64). Furthermore, pDCs are also capable of other innate 
immune functions. Although resting pDCs are less efficient than 
myeloid DCs at capturing, processing, and presenting antigen 
(65, 66), activation of pDCs in response to influenza virus induces 
a change into a dendritic morphology and the upregulation of 
MHC-II, enhancing their ability to present antigen to naïve and 
memory T-cells (67, 68). In 2012, Tel et al. reported that pDCs 
could not only present tumor antigens but could also directly kill 
tumor cells. They termed these cells “killer pDCs” (69). Another 
interesting feature of the pDC is the expression of several surface 
receptors usually restricted to myeloid cells. On pDCs, these 
receptors include the C-type lectin receptors (CLRs) dectin-1, 
dectin-2, dectin-3, and mannose receptor (MR) (70–72), which 
will be discussed later. These receptors are of particular interest 
because they are involved in antifungal immunity.

pDC DYSReGULATiON DURiNG CHRONiC 
Hiv iNFeCTiON

Despite the impressive antiviral functions of pDCs, HIV still 
manages to evade the immune system and persist in the body. 
The observation that HIV patient blood cells produced less IFN 
after stimulation led to the discovery of what were termed natural  
IFN-producing cells, which would later be known as pDCs (73–76).  
After the discovery of pDCs as the major IFN-α-producing cell, 
observations surfaced that showed chronic HIV infection leads 
to a decline in pDC number and function (77). The decline in 
absolute pDC numbers correlated directly with a decline in 
CD4+ T-cell count and increased viral load (22, 78), while pDC 
functional decline (percent of IFN-α-producing pDC after viral 
stimulation) correlated with an increase in patient viral load, but 
not CD4+ T-cell count (76). Although ART treatment results 
in a partial recovery of pDC numbers, they do not make a full 
recovery (79). The specific cause of this decline in pDC number 
is still under investigation. Studies on macaque models indicate 
that pDCs are recruited to lymph nodes where they die rapidly  
(80, 81); this was supported by a study that found higher numbers 
and accelerated pDC death in human lymph nodes (82). Other 
studies show that pDCs are susceptible to HIV infection, which can 
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cause syncytia formation and cell death (83, 84). Other possible 
mechanisms include recruitment to mucosal tissues, bystander 
apoptosis similar to T-cells, and bone marrow suppression (85).

Along with lower numbers, HIV also causes functional differ-
ences in pDCs. One of the earliest observations in HIV patients 
was the high levels of circulating IFN-α seen in some untreated 
patients, which was associated with disease progression (13, 86). 
The pDCs that accumulate in HIV patient lymph nodes were also 
described as producing significantly higher levels of IFN-α than 
non-infected healthy controls (82). This suggests that at certain 
points during infection, pDCs are chronically activated and are 
continuously producing IFN-α. This chronic immune activation 
may be driving pathology, including the immune exhaustion of 
T-cell compartments (7, 87). Supporting this hypothesis, one 
study found that humanized pDC-depleted mice infected with 
HIV-1 show dramatically reduced cell death and immune cell 
depletion, a phenomenon they suggested stems from the lack 
of persistent pDC activation and IFN production (88). In addi-
tion, other pDC functions are found to be dysregulated in HIV 
patients: pDCs become less able to stimulate T-cell proliferation 
in mixed lymphocyte reactions (89), show a partial activation 
phenotype (90), and have a reduced ability to respond to TLR7 
and -9 agonists (91).

Another area of research concerns the possibility that pDCs 
may be inducing the differentiation of human Treg cells that lead 
to tolerogenicity and suppression of T-cell proliferation during 
chronic HIV infection. Human pDCs have been shown to induce 
both CD8+ and CD4+ Treg cell development in certain circum-
stances. For example, pDCs stimulated with type B CpG oligo-
deoxynucleotides (CpGb) induced CD4+CD25− naïve T-cells 
to differentiate into CD4+CD25+ Treg cells, which suppressed 
T-cell proliferation and promoted tolerance (92). Another study 
found that pDCs activated with CD40L induced naïve CD8+ 
T-cells to proliferate, but the resulting CD8+ T-cells were poorly 
cytotoxic, had poor responses to secondary re-stimulation, and 
produced IL-10 (93). To that end, a study by Boasso et al. (94) 
found that T-cell proliferation in HIV-infected patients was 
being inhibited by pDCs through the expression of indoleamine-
2,3-dioxygenase (IDO) (94). IDO is the first and rate-limiting 
enzyme in the catabolism of tryptophan, and its expression 
can be used by APCs as an immune modulator to limit T-cell 
proliferation (95). In the study, IDO mRNA expression in the 
blood of HIV-infected patients was directly correlated with viral 
load, and was responsible for impaired CD4+ T-cell prolifera-
tion. Using flow cytometric analysis, they found that pDCs were 
the main producers of IDO, and that pDC IDO expression was 
a direct response to HIV that did not require the presence of 
other leukocytes. This phenomenon may represent yet another 
way that pDCs contribute to the dysfunction of the immune 
system during chronic HIV infection. In addition, another study 
found that IDO expression by pDCs blocks T-cell differentiation 
into TH17 cells, which could further negatively impact adaptive 
immunity to fungal infection (96). This dysfunction, along with 
the dysregulation of virtually every immune cell type, leaves 
patients at higher risk of opportunistic infections and other 
comorbidities, including fungal infections with C. albicans and 
C. neoformans.

SeLeCT COMPONeNTS OF THe iMMUNe 
ReSPONSe TO FUNGAL iNFeCTiON

A discussion of HIV patient susceptibility to fungal infections 
requires an understanding of normal antifungal immunity. 
Although some fungi are commensal with the human host, this 
review focuses on pathogenic fungal infections. Fungal patho-
gens, such as A. fumigatus and C. neoformans, tend to be ubiq-
uitous to the environment and are introduced into the human 
host through inhalation of spores or small yeast cells (97, 98). 
In the case of A. fumigatus and other sporulating fungi, spores 
(termed “resting conidia,” RC) that reach a suitable host begin 
to swell (termed “swollen conidia,” SC), and germinate (termed 
“germinating conidia,” GC), finally growing into filamentous 
hyphae (99). Fortunately, fungal pathogens express pathogen-
associated molecular patterns (PAMPs), which are not found on 
mammalian cells and alert the immune system to the presence 
of non-self organisms (100). PAMPs can vary depending on the 
species, growth stage, and environment of the fungus (101, 102). 
Three significant PAMPs on fungal cell walls include β-glucans 
(polymers of glucose, typically with 1,3 linkages and occasional 
1,6 branches), chitin (a polymer of N-acetylglucosamine), and 
mannans (polymers of mannose linked to fungal proteins)  
(97, 103). Fungi that make it into a human host can be recognized 
by innate immune cells through pattern recognition receptors 
(PRRs), such as TLRs and CLRs (100).

Once the PAMPs on fungi are recognized by cellular PRRs, 
a complex immune response begins that, incorporates both 
the innate and adaptive branches of the immune system (104). 
Phagocytes, such as monocytes, neutrophils, and macrophages, 
phagocytose and kill fungal pathogens directly (105), spread out 
over hyphae and kill them via oxidative and non-oxidative means, 
and in the case of neutrophils produce extracellular traps (106, 
107). In addition to uptake and direct killing, cDCs also transport 
and present fungal antigen to T-cells and induce their differentia-
tion into TH1, TH17, or Treg cells, depending on the environment 
and the fungus (108–110). While TH1 cells are thought to be the 
most protective, patients with defects in the TH1 compartment 
are not overly susceptible to certain fungal infections (97). This is 
because the TH17 compartment is also protective and sometimes 
essential to fungal clearance, depending on the species and route 
of infection (111). Conversely, inborn errors in IL-17 immunity 
can result in chronic mucocutaneous candidiasis in humans (112), 
and more broad susceptibility to C. albicans infection in mice, 
including cutaneous and oropharyngeal infection (113). Finally, 
the development of protective antibodies after vaccination of 
mice with C. albicans adhesins suggests that humoral immunity 
may also get involved during fungal infection, although in those 
studies the main effector cells responsible for vaccine efficacy 
were CD4+ T-cells, and neither B-cell transfer nor passive 
immunization with serum of vaccinated mice were protective to 
unvaccinated mice (114).

The TLRs involved in fungal recognition that are expressed on 
pDCs are TLR4 and TLR9 (17, 35). TLR4 (CD284) is mainly known 
for recognizing bacterial lipopolysaccharide, but it also appears 
to recognize mannan structures of fungal cell walls, leading to 
cytokine/chemokine production and recruitment of neutrophils. 

201

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Maldonado and Fitzgerald-Bocarsly pDCs, HIV, and Fungal Infection

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1705

TLR4 is composed of a 608 residue extracellular domain, which 
contains 21 leucine-rich repeats and can be subdivided into  
N-, central, and C-terminal domains, and a 187-residue intracel-
lular domain that signals via the TLR-associated adaptor MyD88 
(115). Interruption of TLR4 signaling has been shown to increase 
susceptibility to C. albicans (116), A. fumigatus (117, 118), and 
Pneumocystis jirovecii (119) in mice. However, it is worth noting 
that TLR4 signaling did not induce cytokine production after 
recognizing mannans on C. neoformans cell walls (120), indicat-
ing fungal species-specific responses.

TLR9 (CD289) recognizes unmethylated CpG DNA  
sequences, which may allow it to recognize fungal DNA. As 
mentioned earlier, TLR9 is located in endosomes of pDCs, where 
it is known for responding to viral DNA in a MyD88-dependent 
manner. TLR9 has 25 intra-endosomal leucine-rich repeats, but 
a detailed structure for TLR9 has not yet been discovered (121). 
Studies show TLR9 induces IL-10 production by macrophages in 
response to C. albicans (120), pro-inflammatory cytokine secre-
tion by mouse bone marrow-derived dendritic cells in response 
to A. fumigatus DNA (122), and IL-12p40 production and 
CD40 upregulation in DCs in response to C. neoformans (123). 
It is interesting to note that while MyD88 serves as a signaling 
adaptor for all of the TLRs except TLR3, patients with MyD88 
deficiencies or mutations do not suffer from severe or recurrent 
fungal infections, suggesting that TLR signaling enhances but is 
not indispensable for antifungal immune responses (124).

C-type lectin receptors are a large family of receptors that 
contain C-type lectin-like domains (CTLDs), which, depending 
on the receptor, recognize a wide array of carbohydrates, proteins, 
or lipids (125). CLRs are a diverse family of receptors with a mul-
titude of functions, but this review will focus on the four CLRs 
that have a role in fungal recognition and have been identified on 
human pDCs: dectin-1, dectin-2, dectin-3, and MR.

Dectin-1 (CLEC7A) recognizes β(1,3)- and β(1,6)-linked glu-
cans, which are present on bacterial and fungal cell walls. B-glucans 
can comprise up to 50% of the cell walls of common pathogenic 
fungi, including A. fumigatus, C. neoformans, P. jirovecii, and  
C. albicans (126–130). Dectin-1 is composed of an extracellular 
CTLD, a single transmembrane domain, and an intracellular 
immunoreceptor tyrosine-based activation motif (ITAM) (126). 
The dimerization of dectin-1 and the phosphorylation of its intra-
cellular ITAM recruits spleen tyrosine kinase (Syk), and induces 
a signaling cascade that includes the signaling adaptor caspase 
recruitment domain-containing protein 9 (CARD9). CARD9 
is a major point of regulation within the signaling cascade of 
several CLRs, including dectin-1 and dectin-2, and is indispen-
sable for the cell activation and cytokine production caused by 
dectin-1 and -2 ligation (131, 132). CARD9 deficiency has been 
linked to chronic and recurring fungal infections, especially by  
C. albicans (133, 134). In addition, pDCs from CARD9 knockout 
mice produced significantly less IL-6 and TNF-α than wild-type 
mice in response to influenza virus, while type-I IFN production 
was unaffected (135). Dectin-1/Syk/CARD9 signaling ultimately 
leads to the canonical activation and nuclear translocation of 
NF-κB subunits Rel-A (p65) and c-Rel. Dectin-1 also activates 
the NF-κB unit Rel-B through a non-canonical pathway, via Raf-1 
instead of Syk (136). Dectin-1 has been shown to have an array 

of immune functions, including the recognition, uptake, and 
killing of fungi (137, 138), as well as cellular signaling leading 
to maturation, production of a respiratory burst, cytokine and 
chemokine production, enhanced survival and differentiation of 
TH cells that helps control fungal infection in the GI tract, and 
cytotoxic T-lymphocyte priming (128, 139–143).

Dectin-2 (CLEC6A) recognizes α-mannose structures present 
on the surface of many viruses, bacteria, and fungal pathogens. 
Dectin-2 has been shown to have a role in immunity to fungi, 
including C. albicans, A. fumigatus, and non-encapsulated  
C. neoformans, with a preference for hyphal as opposed to yeast 
or conidial forms of fungal cell walls (144–146). It is composed of 
an extracellular CTLD and a short cytoplasmic tail, which couples 
with FcRγ to initiate downstream signaling. The phosphoryla-
tion of FcRγ again recruits Syk and CARD9 (147, 148). Dectin-2 
signaling also induces the activation of NF-κB, but in contrast to  
dectin-1, dectin-2 selectively activates the c-Rel subunit of NF-κB 
via MALT1. This selectivity suggests that dectin-2 is more specific 
for the production of cytokines that induce TH17 polarization (149). 
Dectin-2 signaling induces internalization of the fungus and the 
production of an array of cytokines, including TNF-α and IL-1β, 
2, 6, 10, 12, and 23 (145, 147). Furthermore, blocking dectin-2 in 
mice abrogated the development of TH1 and TH17 cells, which left 
mice significantly more susceptible to C. albicans infection (150).

Similar to dectin-2, dectin-3 (CLEC4D, CLECSF8) also has 
a single extracellular CRD with a short cytoplasmic tail. The 
CRD of dectin-3 is highly homologous with that of dectin-2, 
and similarly recognizes α-mannans (151). In fact, dectin-3 was 
found to dimerize with dectin-2, and the resulting heterodimer 
was more adept at recognizing fungal PAMPs than the respective 
homodimers (152). Although the cytoplasmic tail of dectin-3 
lacks a signaling motif and does not associate with any known 
signaling adaptor, including FcRγ, it does induce signaling via 
Syk and the CARD9/Bcl10/Malt1 complex and activates NF-κB 
(153). The cellular processes that are induced include phagocyto-
sis, cytokine production, and a respiratory burst in macrophages 
(154). To illustrate its physiological relevance, murine bone 
marrow-derived macrophages pretreated with dectin-3-blocking 
monoclonal antibodies were inhibited from NF-κB nuclear trans-
location and cytokine production after C. albicans stimulation, 
and mice treated with dectin-3-blocking antibody succumbed 
rapidly to sub-lethal C. albicans IV challenge (152). Similarly, 
mice deficient in dectin-3 were more susceptible to DSS-induced 
colitis, and murine bone marrow-derived macrophages were 
impaired in phagocytic and fungicidal ability, NF-κB nuclear 
translocation, and cytokine production (155). Conversely, no 
role was found for dectin-3 in defense against C. neoformans, as 
dectin-3-deficient mice did not differ in pulmonary leukocyte 
recruitment, pulmonary cytokine profiles, or overall survival after 
pulmonary C. neoformans challenge. In addition, macrophages 
and DCs isolated from dectin-3 knockout mice did not differ in 
their phagocytic or fungicidal ability against C. neoformans (156).

Mannose receptor (CD206) is a highly endocytic receptor with 
three categories of extracellular binding domains, a single trans-
membrane domain, and a short cytoplasmic tail (157). The extra-
cellular binding domains include an N-terminal cysteine-rich 
(CR) domain, which binds sulfated carbohydrates; a fibronectin 
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TAbLe 1 | A summary of the pattern recognition receptors (PRRs) on plasmacytoid dendritic cells (pDCs) that have a role in antifungal immunity.

Receptor Structure Fungal ligand Cellular functions Fungal pathogen Reference

TLR4 (CD284) Extracellular 608 residue domain, 
composed of an N-, central, and 
C-terminal domain. 21 leucine-rich 
repeats

Mannan structures Cytokine/chemokine production, 
recruitment of neutrophils

Candida albicans, Aspergillus 
fumigatus, Pneumocystis. 
Not TLR4-dependent in C. 
neoformans models.

(17, 35, 
115–120)

TLR9 (CD289) 25 leucine-rich repeats. Detailed 
structure not yet described

Unmethylated CpG 
DNA

IL-10, pro-inflammatory cytokine 
production including IL-12p40 
production by murine DCs

C. albicans, A. fumigatus, 
Cryptococcus neoformans

(120–123)

Dectin-1 
(CLEC7A)

Single extracellular C-type lectin-
like domain (CTLD), intracellular 
immunoreceptor tyrosine-based 
activation motif

β(1,3)- and β(1,6)- 
linked glucans

Phagocytosis, cell maturation, 
respiratory burst, cytokine/
chemokine production, direction of 
TH cell differentiation, CTL priming

A. fumigatus, C. neoformans, 
C. albicans, Pneumocystis

(126, 127, 
129, 130, 
136–139, 
141, 142)

Dectin-2 
(CLEC6A)

Single extracellular CTLD, short 
cytoplasmic tail (couples with FcRγ)

a-mannose structures Cytokine production, TH1 and TH17 
differentiation

A. fumigatus, C. albicans,  
C. neoformans

(144–147, 
150)

Dectin-3 
(CLEC4D, 
CLECSF8)

Single extracellular CTLD, short 
cytoplasmic tail (does not couple with 
FcRγ)

a-mannose structures Phagocytosis, cytokine production, 
respiratory burst (macrophages) 

C. albicans, C. neoformans 
(conflicting studies)

(151, 152, 
155, 156, 

163)

Mannose 
receptor (MR, 
CD206)

Extracellular CR domain, fibronectin 
type II domain, and 8 CTLDs. Short 
cytoplasmic tail

Carbohydrates 
that terminate 
in d-mannose, 
l-fucose, or N-acetyl 
glucosamine

Phagocytosis (possibly requires 
TLR2), fungal clearance, IL-8 
production

A. fumigatus, C. albicans,  
C. neoformans,  
Pneumocystis

(155, 
157, 158, 
163–166, 
168, 170)

Listed are receptors that have been shown to have a role in fungal infection and are expressed on pDCs. Each receptor is then summarized with a brief description of their 
structures, their fungal ligands, the major downstream cellular functions, and a selection of sources from which this information was gathered. TLR9, Dectin-1, Dectin-2, Dectin-3, 
and MR have been implicated specifically in pDC–fungal interaction, while TLR4 has been investigated on other cell types but not yet on pDCs.
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type II (FNII) domain, which binds collagen; and eight CTLDs, 
which bind carbohydrates that terminate in d-mannose, l-fucose, 
or N-acetyl glucosamine, as reviewed in Ref. (158, 159). While the 
CR and FNII extracellular domains are involved in glycoprotein 
homeostasis (160, 161), it is the CTLDs that are responsible for 
recognizing carbohydrate entities on pathogens (159). For one 
particularly interesting example, MR binds the gp120 glyco-
protein on HIV and mediates binding of the virus by dendritic 
cells (70) and macrophages (162). In the context of fungal infec-
tion, the MR has been shown to enhance uptake and clearance 
of pathogenic fungi, including A. fumigatus (163) C. albicans 
(164, 165), C. neoformans (166), and Pneumocystis carinii (167). 
However, MR seems to not be phagocytic in its own right; MR 
was unable to induce phagocytosis of its ligands when transfected 
onto Chinese hamster ovary cells (168). MR instead influences 
the signaling of other receptors. For example, Tachado et al. (169) 
discovered that human embryonic kidney 293 cells required 
transfection of both TLR2 and the MR in order to produce IL-8 
in response to Pneumocystis. Similarly, in alveolar macrophages, 
Pneumocystis challenge led to direct interaction of TLR2 and MR, 
while blocking MR and TLR2 simultaneously abrogated IL-8 
production (169). The downstream results of MR signaling are 
varied and dependent on many factors, including signaling from 
other receptors and the route of ligand delivery (158). A summary 
of the TLRs and CLRs discussed here can be found in Table 1.

pDCs iN ANTiFUNGAL iMMUNiTY

The involvement of pDCs in antifungal immunity is a topic of 
study currently emerging in the literature. An early indication 

came in 2004, when Romani et  al. described how thymosin  
alpha 1, a peptide produced by the thymus, served to activate 
human cDCs and pDCs by enhancing their phagocytic capacity 
and IL-10 production in response to A. fumigatus stimulation 
(171). Later, Dan et al. found that mannoproteins from C. neo-
formans and CpG-containing DNA synergistically induced pDCs 
to produce greater amounts of pro-inflammatory cytokines, 
although stimulation with mannoproteins alone did not induce 
any cytokine production (170). This implied that pDCs were 
able to sense mannoproteins, which are classically recognized 
by CLRs, and that recognition of mannoproteins acted as an 
adjuvant for TLR9-dependent pDC activation by CpG. That same 
year, Ramirez-Ortiz et al. found that A. fumigatus DNA contained 
unmethylated CpG motifs, which triggered TLR9 in mouse and 
human pDCs and induced cytokine production in  vitro (122). 
Perruccio et al. then confirmed that A. fumigatus DNA stimulated 
TLR-9 in pDCs and induced the production of IL-12p70, IL-10, 
and IFN-α (172).

The response of pDCs to fungal recognition is still under  
investigation, but a few studies have shed some light on mecha-
nisms of pDC antifungal activity (summarized in Figure 1). Direct 
pDC antifungal activity was first demonstrated in 2011, when 
Ramirez-Ortiz et al. found that human pDCs directly inhibited 
growth of A. fumigatus hyphae and produced IFN-α and TNF-α 
in response to in vitro hyphal stimulation (173). They found that 
pDCs spread out over the surface of hyphae and inhibited hyphal 
viability by up to 80%. However, this strong antifungal activity 
was observed with a pDC:fungal ratio of 50:1, which seems highly 
unlikely to occur in a live organism. At a pDC-fungal ratio of 
1:10, a 40% decrease in hyphal viability was still observed. At the 
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FiGURe 1 | Schematic representing the available receptors and cellular responses of plasmacytoid dendritic cells (pDCs) to fungal pathogens. Resting conidia 
(RC) or yeast cells are less immunogenic than germinating and hyphal forms of fungi due to the increased availability of ligands such as beta-glucans and 
alpha-mannan structures of the cell wall. The receptors TLR4, TLR9, Dectin-1, Dectin-2, Dectin-3, and MR have been implicated in antifungal immunity in various 
models and studies and have also been observed to be expressed by pDCs. The cellular responses of pDCs to fungal stimulation have only begun to be 
characterized, but include phagocytosis, activation/maturation, cytokine and chemokine production, and MHC-II upregulation. Other pDC antifungal mechanisms 
that have been proposed include the release of calprotectin by apoptotic pDCs, the production of pDC extracellular traps (pETs), and the production of reactive 
oxygen species (ROS).
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same time, they found fungal stimulation lead to a large increase 
in pDC death, mediated partially by the production of gliotoxin 
by A. fumigatus. They also discovered that pDC lysates had the 
same antifungal activity as live cells, and implicated the release of 
calprotectin from dying pDCs as a contributor to the inhibition of 
fungal growth. Calprotectin has a documented role in antifungal 
immunity as a component of neutrophil extracellular traps (174). 
However, this was the first indication that pDCs may also use 
calprotectin. A later study by the same group indicated that pDC-
Aspergillus interaction seemed to induce the production of pDC 
extracellular traps (pETs), similar to those extracellular traps laid 
by neutrophils (175). The production of extracellular traps by 
pDCs is a novel concept that has not been described elsewhere, 
and requires careful follow-up. Transcriptome analysis after  
A. fumigatus stimulation revealed the upregulation of several 
genes involved in activation, chemokine production, and antigen 
presentation, as well as genes associated with apoptosis. In vivo, 
mice depleted of pDCs were significantly more susceptible to 
Aspergillus-induced mortality, both after pulmonary and intra-
venous challenge (173). In addition, pulmonary challenge with  
A. fumigatus caused a six-fold increase in pDC number in the 
lungs. In a C. neoformans model, Hole et al. indicated that murine 
and human pDCs could phagocytose yeast cells and could directly 
inhibit C. neoformans growth through the use of reactive oxygen 
species (72).

As mentioned above, pDCs express receptors that are known 
to be involved in fungal recognition (summarized on Figure 1). 
As early as 2002, Taylor et  al. mentioned that murine pDCs 
express dectin-1, although the data were not shown. Seeds 
et al. (71) later confirmed that finding, and added that murine 
pDCs also expressed the CLRs dectin-2 and MR (71). Because 
murine pDCs are not perfect representations of human pDCs, 
these receptors also needed to be investigated on human pDCs. 
Studies on human pDCs observed the expression of dectin-1 
(176), dectin-2 (177), and MR (70, 178). However, attempts to 
identify which pDC receptor is responsible for fungal recognition 
have delivered mixed results. One study singled out dectin-2 as 
the main receptor responsible for recognition of A. fumigatus 
hyphae by human pDCs (175). They used laminarin and mannan 
to block dectin-1 and dectin-2, respectively, and found that while 
both blocking agents decreased the ability of pDCs to associate 
with fungal hyphae, only mannan’s effect reached statistical 
significance. However, the definition and use of mannan as a 
dectin-2 blocker may be problematic, as it can be the ligand for 
other CLRs, including dectin-3 and MR. The study did follow-up 
by blocking with specific antibodies against dectin-1 and dec-
tin-2, which recapitulated their results that dectin-2 was more 
responsible for pDC–hyphal association. Hole et  al. observed 
the presence of dectin-3 on murine pDCs, and demonstrated 
that blocking dectin-3 on human pDCs resulted in a blunted 
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Considered together, this evidence strongly indicates that 
pDCs play an important role in antifungal immunity. However, 
there remains much to be discovered concerning the mechanisms 
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CONCLUDiNG ReMARKS

One of the most insidious threats to the health and well-being 
of immunocompromised individuals, including those living with 
HIV, is the threat of opportunistic infections. Opportunistic 
fungal infections can be particularly fast, lethal, and difficult to 
treat. The main contributing factor for increased susceptibility 
to fungal infection in immunocompromised patients is the 
depletion and dysregulation of many components of the immune 
system; even when infection is well-controlled with antiretro-
viral medication, over time this dysregulation is measurable in 

individuals chronically infected with HIV. The pDC is no excep-
tion; HIV patients have a decline in number and functionality 
of their pDC compartment. This is especially problematic when 
considering the role of pDCs in fungal infection that is currently 
emerging in the literature. Studies have shown that pDCs have the 
machinery to recognize and respond to fungal infection, and do 
so in a manner that indicates pDCs are involved in a successful 
antifungal immune response. Therefore, dysregulation of the 
pDC compartment may be a contributing factor to the increased 
susceptibility of fungal infections that afflict HIV patients and 
other immunocompromised populations.
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Macrophage receptor with collagenous structure (MARCO) contributes to fungal contain-
ment during the early/innate phase of cryptococcal infection; however, its role in adaptive 
antifungal immunity remains unknown. Using a murine model of cryptococcosis, we 
compared host adaptive immune responses in wild-type and MARCO−/− mice through-
out an extended time course post-infection. Unlike in early infection, MARCO deficiency 
resulted in improved pulmonary fungal clearance and diminished cryptococcal dissem-
ination during the efferent phase. Improved fungal control in the absence of MARCO 
expression was associated with enhanced hallmarks of protective Th1-immunity, including  
higher frequency of pulmonary TNF-α-producing T  cells, increased cryptococcal- 
antigen-triggered IFN-γ and TNF-α production by splenocytes, and enhanced expres-
sion of M1 polarization genes by pulmonary macrophages. Concurrently, we found lower 
frequencies of IL-5- and IL-13-producing T cells in the lungs, impaired production of 
IL-4 and IL-10 by cryptococcal antigen-pulsed splenocytes, and diminished serum IgE, 
which were hallmarks of profoundly suppressed efferent Th2 responses in MARCO-
deficient mice compared to WT mice. Mechanistically, we found that MARCO expression 
facilitated early accumulation and alternative activation of CD11b+ conventional DC 
(cDC) in the lung-associated lymph nodes (LALNs), which contributed to the progressive 
shift of the immune response from Th1 toward Th2 at the priming site (LALNs) and local 
infection site (lungs) during the efferent phase of cryptococcal infection. Taken together, 
our study shows that MARCO can be exploited by the fungal pathogen to promote 
accumulation and alternative activation of CD11b+ cDC in the LALN, which in turn alters 
Th1/Th2 balance to promote fungal persistence and dissemination.

Keywords: scavenger receptor macrophage receptor with collagenous structure, fungal persistence, Th2 
response, cD11b+ conventional Dc, Cryptococcus neoformans
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inTrODUcTiOn

Cryptococcus neoformans is an environmental fungal pathogen 
that causes severe meningoencephalitis with mortality rates of 
up to 20–60%, despite the availability of antifungal drugs (1). 
Cryptococcal infections generally manifest in patients compro-
mised due to HIV infection, cancer, or organ transplantation. 
However, up to 25% of cases reported in the United States 
and 60% of cases in China occur in patients without recogniz-
able immune-deficiencies (2, 3). Furthermore, Cryptococci can 
persist within immune competent hosts for an extended period 
of time and can reactivate following immune-compromise (4). 
Increasing evidence suggests that both host immune dysfunction 
and immune modulation induced by C. neoformans contributes 
to fungal persistence (2, 5–8).

One major way through which C. neoformans promotes fun-
gal persistence is by altering CD4+ helper T (Th) cell polarization 
and subsequent macrophage activation status (9, 10). Virulence 
factors that contribute to the shift of host responses away from 
protective Th1 to non-protective Th2 bias correlate with invasive 
fungal disease severity [reviewed in Ref. (2, 11)]. The absence 
of protective Th1 cytokines (IFN-γ and TNF-α) and enhanced 
production of Th2 type cytokines (IL-4, IL-5, and IL-13) 
facilitate alternative activation of macrophages, which enable 
intracellular survival and growth of C. neoformans (12, 13).  
Th cell differentiation is orchestrated by antigen-presenting cells. 
During C. neoformans infection, pulmonary CD11b+ conven-
tional DC (cDC) are the primary cellular population responsible 
for non-protective Th2 cell polarization (14, 15). However, the 
factors that modulate the migration and activation of CD11b+ 
cDC during fungal infection are not well understood. Although 
skewing of Th2 responses is one well-established effect of crypto-
coccal virulence factors (6–8, 12, 15), very few loopholes in the 
host immune system that can be exploited by C. neoformans to 
promote non-protective responses have been identified (15–17). 
Identification of host factors that contribute to non-protective 
responses and enable fungal persistence may reveal new targets 
for promoting effective T cell responses that are crucial for com-
bat fungal infections.

Macrophage receptor with collagenous structure (MARCO) 
(human Gene ID: 8685) is a scavenger receptor that plays 
important roles in host defense against viral, bacterial, and 
parasitic infections (18). Our recent study showed that MARCO 
expression contributes to fungal containment during the innate 
phase of cryptococcal infection by enhancing production of 
pro-inflammatory cytokines and recruitment of mononuclear 
phagocytes to the infection sites (19). Besides its well-studied 
roles in antibacterial and antifungal innate immunity (20–24), 
the importance of MARCO in regulating adaptive immunity is 
being increasingly recognized. Notably, MARCO expression 
has been shown to regulate morphology, gene expression, and 
migration of dendritic cell (DC) upon stimulation; thus, MARCO 
may act as an important link for the initiation and polarization 
of adaptive responses (25–27). Recent studies support this para-
digm and showed that MARCO is involved in the development 
of T  cell-mediated immunity during tumor inflammation and 
allergic airway responses (28, 29). While the role of MARCO 

in modulation of adaptive immunity to fungi remains unclear, 
a previous study by our group demonstrated that another scav-
enger receptor, scavenger receptor-A (SR-A), can be exploited 
by C. neoformans to support Th2 immune polarization during 
infection (17). Thus, we hypothesized that MARCO also regulates 
T  cell-mediated immunity during fungal infections, possibly 
through modulation of DC migration and/or activation.

In the current study, we focused on the roles of MARCO in 
the adaptive immune response during C. neoformans infection. 
Using a murine model of cryptococcosis, we found that MARCO 
expression shifts both local and systemic Th responses away 
from protective Th1 toward non-protective Th2 response with 
impaired classical activation of macrophages. Thus, MARCO 
expression contributes to fungal growth and dissemination dur-
ing the efferent phase of cryptococcal infection. Mechanistically, 
we show that MARCO expression facilitates the accumulation 
and alternative activation of CD11b+ cDC in the lung-associated 
lymph nodes (LALN) which promote the priming of a non-
protective Th2 response in secondary lymphoid organs during  
C. neoformans infection.

MaTerials anD MeThODs

Mice
C57BL/6 mice (wild type) were obtained from Jackson Labora-
tories (Bar Harbor, ME, USA). MARCO-deficient (MARCO−/−) 
mice, obtained initially from Dr. Lester Kobzik (21), were bred 
and housed under specific pathogen-free conditions in the 
Animal Care Facility at the VA Ann Arbor Healthcare System. 
Both male and female mice were between the ages of 6–12 week 
at the time of infection and were humanely euthanized by CO2 
inhalation at the time of data collection. All experiments were 
approved by the Institutional Animal Committee on Use and 
Care and the Veterans Administration Institutional Animal Care 
and Use Committee under protocol # 0512-025 and were carried 
out according to NIH guidelines and the Guide for the Care and 
Use of Laboratory Animals.

Cryptococcus neoformans
Cryptococcus neoformans strain 52D was recovered from 10% 
glycerol frozen stocks stored at −80°C and grown to stationary 
phase at 37°C using Sabouraud dextrose broth (1% Neopeptone, 
2% dextrose; Difco, Detroit, MI, USA) on a shaker. The cultures 
were centrifuged and washed with non-pyrogenic saline (Travenol, 
Deerfield, IL, USA). Cells were counted via hemocytometer and 
diluted to 3.3 × 105 yeast/ml in sterile non-pyrogenic saline.

intratracheal inoculation of C. neoformans
Mice were anesthetized via intraperitoneal (i.p.) injection of 
ketamine (100  mg/kg body weight) plus xylazine (6.8  mg/kg) 
and were restrained on a foam plate. A small incision was made 
through the skin covering the trachea. The underlying salivary 
glands and muscles were separated. A 30-G needle was attached 
to a 1  ml tuberculin syringe with C. neoformans suspension 
(3.3 × 105 yeast/ml) and infection was performed by intratrache-
ally injecting 30 µl (104 CFU) of inoculum into the lungs. After 
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inoculation, the skin was closed with cyanoacrylate adhesive and 
the mice were monitored during recovery from the anesthesia.

lung leukocyte isolation
The lungs from each mouse were excised, washed in RPMI 
1640 and digested enzymatically as previously described (30). 
In brief, lungs were minced with scissors followed by Gentle 
MACS homogenization and incubated at 37°C for 35  min in 
5  ml/mouse digestion buffer [RPMI 1640, 5% FBS, penicillin, 
and streptomycin (Invitrogen, Grand Island, NY, USA); 1 mg/ml 
collagenase A (Roche Diagnostics, Indianapolis, IN, USA); and 
30 µg/ml DNase I]. The cell suspension and tissue fragments were 
further dispersed by Gentle MACS homogenization and were 
centrifuged. Erythrocytes in the cell pellets were lysed by addition 
of 3 ml NH4Cl buffer (0.829% NH4Cl, 0.1% KHCO3, and 0.0372% 
Na2EDTA, pH 7.4) for 3 min followed by a threefold excess of 
RPMI 1640. Cells were re-suspended and subjected to syringe 
dispersion and filtered through a sterile 100-µm nylon screen 
(Nitex, Kansas City, MO, USA). The filtrate was centrifuged for 
30 min at 1,500 × g with no brake in the presence of 20% Percoll 
(Sigma) to separate leukocytes from cell debris and epithelial 
cells. Leukocyte pellets were re-suspended in complete RPMI 
1640 media and enumerated on a hemocytometer after dilution 
in trypan blue (Sigma).

cFU assay
For determination of fungal burden, small aliquots of digested 
lungs, spleens, and brains were collected. Series of 10-fold dilu-
tions of the samples were plated on Sabouraud dextrose agar 
plates in duplicate 10-µl aliquots and incubated at room tempera-
ture. C. neoformans colonies were counted 2 days later and the 
number of CFU was calculated on a per-organ basis.

laln leukocyte isolation
Individual LALN were excised and then dispersed using a 1-ml 
sterile syringe plunger and flushed through a 70-µm cell strainer 
(BD Falcon, Bedford, MA, USA) with complete media into a ster-
ile tube. After being centrifuged at 2,500 rpm/min for 5 min, the 
supernatant was removed and the cell pellets were used for gene 
expression analysis by quantitative real-time RT-PCR (qRT-PCR) 
or flow cytometry.

ag-specific cytokine Production  
by splenocytes
Spleens were excised and dispersed using a 3-ml sterile syringe 
plunger and flushed through a 70-µm cell strainer (BD Falcon) 
with complete media. Isolated spleen cells were cultured in 
media with heat-killed C. neoformans in a ratio of 1:2 in 6-well 
plates with 2  ml complete RPMI 1640 medium at 37°C and 
5% CO2 for 48  h. Supernatants were stored and analyzed for 
cytokine levels as described earlier. The Ag-specific cytokine 
production was quantified using a LEGENDplex cytometric 
bead array (CBA) kit (BioLegend, San Diego, CA, USA) fol-
lowing the manufacturer’s specifications and read on an LSRII 
flow cytometer (Becton, Dickinson Immunocytometry Systems, 

Mountain View, CA, USA). Analysis was performed using 
BioLegend’s LEGENDplex software.

Total serum ige
Serum was obtained from the blood samples collected by severing 
the vena cava of the mice before lung excision. Blood samples 
were then allowed to clot and were spun to separate serum. Serum 
samples were diluted 100-fold and assayed for total IgE levels 
using a mouse IgE sandwich ELISA kit (BioLegend, San Diego, 
CA, USA) following the manufacturer’s specifications.

rT-qPcr
Total RNA from lung leukocytes was prepared using TRIzol rea-
gent (Invitrogen), and first-strand cDNA was synthesized using 
Reverse Transcription Kit (Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions. Relative gene expression was 
quantified with SYBR green-based detection (Alkali Scientific) 
using a light cycler96 system (Roche) according to the manufac-
turer’s protocols. Relative gene expression was normalized to 18S 
mRNA using the 2−ΔCt method. Fold induction of gene expression 
was normalized to baseline expression in uninfected mice using 
the 2−ΔΔCt method.

abs and Flow cytometric analysis
Ab cell staining was performed as previously described (17). For 
extracellular staining, cells were washed in PBS then stained with 
Live Dead Fixable Aqua (Life Technologies) for 30  min. Cells 
were stained with extracellular antibodies (see below), washed, 
and fixed in 2% formaldehyde. For intracellular staining, the cells 
were stimulated with 50  ng/ml PMA and 1  μg/ml ionomycin 
(Millipore) for 6  h (lung and LALN leukocytes) or heat-killed  
C. neoformans for 24 h (spleen cells) prior to Ab staining. Brefeldin 
A and monensin (BioLegend) were added for the last 4 h. The 
cells were harvested, stained with extracellular, and subsequently 
intracellular antibodies (see below). Data were collected on a 
FACS LSR2 flow cytometer using FACSDiva software (Becton 
Dickinson Immunocytometry Systems, Mountain View, CA, 
USA) and analyzed using FlowJo software (Tree Star, San Carlos, 
CA, USA).

The following gating strategy was used to identify leukocyte 
subsets in the lungs. First, consecutive gates identified singlets, 
live cells and CD45+ leukocytes. Next, a series of selective gates 
were used to identify neutrophils (CD11b+Ly6G+); eosinophils 
(SSChighCD11clow/SiglecF+); Alveolar macrophages (CD11chigh/
SiglecF+); and Ly6Chigh monocytes (CD11c−/CD11b+/Ly6Chigh). 
In cells expressing both CD11c and high levels of MHCII, 
autofluorescent (AF+) exudate macrophages were distinguished 
from non-AF (AF−) DCs. Thereafter, DC were further separated 
into moDC, CD11b+ DC and CD103+ DC as follows: moDC 
were gated as CD11c+MHCIIhighCD64+ cells, then remaining 
CD11c+MHCIIhighCD64− cells were further divided into CD11b+ 
DC and CD103+ DC based on the expression of SIRPα and XCR1, 
respectively (31). A similar gating strategy was used for leuko-
cytes in the LALN. To identify CD4+ Th cells, singlet and live cells 
were first selected and the total numbers of CD45+ leukocytes 
were identified. Next, the CD3+CD4+ cells were identified and 
the expression levels of specific cytokines (IFN-γ, TNF-α, IL-5,  
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FigUre 1 | Macrophage receptor with collagenous structure (MARCO) expression contributes to fungal growth and dissemination during the efferent phase of 
Cryptococcus neoformans infection. MARCO+/+ and MARCO−/− mice were infected intratracheally with 104 C. neoformans 52D. (a) MARCO expression impaired 
fungal clearance in the lungs, spleens, and brains at 35 dpi during C. neoformans infection. (B) Kinetics of pulmonary fungal clearance in the MARCO+/+ and 
MARCO−/− mice during efferent phase of C. neoformans infection. Results represent mean ± SEM from one of two separate matched experiments (n = 5 mice  
for each time point). *p < 0.05, **p < 0.01.
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and IL-13) or transcriptional factors (Gata3) were evaluated. 
Total numbers of each cell population were calculated by mul-
tiplying the frequency of the population by the total number of 
leukocytes (the original hemocytometer count of total cells). 
Isotype control antibodies were used to set gates for positive 
events in all flow cytometric analyses.

calculations and statistics
All values are reported as mean ± SEM. Unpaired non-parametric 
test (Mann–Whitney) or two-way ANOVA with a Bonferroni 
post  hoc test were used for comparisons of individual means. 
Statistical calculations were performed using GraphPad Prism 
version 6.00 (GraphPad Software, San Diego, CA, USA). Means 
with p values <0.05 were considered significantly different.

resUlTs

MarcO expression Promotes Fungal 
Persistence and systemic Dissemination 
during the efferent Phase  
of C. neoformans infection
Our previous study showed that MARCO contributes to fungal 
control during the early/afferent phase of C. neoformans infec-
tion (19). However, whether MARCO expression affects long-
term adaptive immunity against C. neoformans is unclear. To 
explore the function of MARCO during the late/efferent phase 
of cryptococcal infection, we infected WT and MARCO−/− mice 
with C. neoformans strain 52D and analyzed the fungal bur-
den at 35  days post infection (dpi). Whereas our prior results 
demonstrated that MARCO-deficient mice have increased 
fungal burden at the early stage of infection (19), we found that 
MARCO-deficient mice exhibit decreased pulmonary fungal 
burden at 35  dpi compared to WT mice (Figure  1A). Fungal 
burdens in spleen and brain were also lower in MARCO−/− mice 

compared to WT mice at 35 dpi (Figure 1A). We further evalu-
ated the effects of MARCO on the kinetics of pulmonary fungal 
growth during the efferent phase of C. neoformans infection. 
While equivalent growth of yeast in the lungs was noted in WT 
and MARCO−/− mice at 21 dpi, MARCO deficiency resulted in 
lower fungal burden at 35 and 49 dpi (Figure 1B). Together, our 
results demonstrate that MARCO expression promotes pulmo-
nary fungal persistence and systemic dissemination during the 
efferent phase of C. neoformans infection.

MarcO expression Promotes  
non-Protective Th2 response  
in the lungs during the efferent  
Phase of C. neoformans infection
T helper cell polarization in the lungs is strongly correlated 
with clearance and persistence during the efferent phase of 
C. neoformans infection (32). To determine how MARCO 
expression affects T  cell-mediated responses in the lungs, we 
analyzed leukocyte populations in the infected lungs of WT and 
MARCO−/− mice using flow cytometry. The accumulation of total 
leukocytes and leukocyte subsets, including eosinophils, alveolar 
macrophages, and total DCs, in the infected lungs were similar 
between WT and MARCO−/− mice at 21, 35, and 49 dpi (Figure 
S1 in Supplementary Material).

We next examined the effect of MARCO on T cell polarization 
during C. neoformans infection. There was no difference in the 
accumulation of CD4+ T  cells in the lungs of C. neoformans-
infected MARCO−/− and WT mice during the efferent phase of 
cryptococcal infection (Figure  2A). However, MARCO defi-
ciency resulted in reduced Il-5 and Il-13 mRNA expression, but 
not IFN-γ and TNF-α mRNA expression, by total lung leukocytes 
isolated from infected mice at 35 dpi, suggesting an impaired Th2 
response in MARCO-deficient mice (Figure 2B). Phenotypes of 
T helper cells were further analyzed by intracellular staining using 
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FigUre 2 | Macrophage receptor with collagenous structure (MARCO) expression promotes Th2 response in the lungs during the efferent phase of Cryptococcus 
neoformans infection. (a) MARCO is dispensable for the accumulation of CD4+ T cells in the lungs of C. neoformans-infected mice. (B) MARCO expression 
facilitates IL-5 and IL-13 but not IFN-γ and TNF-α mRNA expression by total lung leukocytes at 35 dpi during C. neoformans infection. (c) MARCO expression 
promotes IL-5 and IL-13 production by CD4+ T cells in the lungs of C. neoformans-infected mice. (D) MARCO expression inhibits TNF-α production by CD4+ T cells 
in the lungs of C. neoformans-infected mice. Results represent mean ± SEM (n = 5) from one of at least two independent experiments. *p < 0.05.
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flow cytometry. Frequencies of CD4 T cells expressing IL-5 and 
IL-13 were significantly lower in MARCO−/− mice compared to 
WT mice at 35 dpi (Figure 2C). By contrast, MARCO deficiency 
led to higher frequencies of CD4+ T cells expressing TNF-α albeit 
without affecting those expressing INF-γ at 35 dpi (Figure 2D). 
Collectively, our data demonstrated that MARCO expression did 
not affect accumulation of lung myeloid or lymphoid cells but 
altered the balance of T  cell polarization away from protective 
Th1 responses toward non-protective Th2 responses in the lungs 
during the efferent phase of C. neoformans infection.

MarcO expression interferes with 
classical activation of Pulmonary  
exudate Macrophages during the  
efferent Phase of C. neoformans infection
The balance of Th1/Th2 cytokines influences macrophage activa-
tion status and their subsequent fungicidal activities (33, 34). 
Exudate macrophages derived from recruited monocytes during 
infection have been shown to be the most efficient effector cells in 
killing C. neoformans (35). We next sought to determine whether 
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FigUre 3 | Macrophage receptor with collagenous structure (MARCO) expression impairs classical activation of macrophages in the lungs during the efferent 
phase of Cryptococcus neoformans infection. (a) Accumulation of exudate macrophages was not affected by MARCO deletion during C. neoformans infection.  
(B) MARCO impairs iNOS expression by adherent macrophages from lungs of infected mice at 35 dpi. (c,D) MARCO impairs expression of CD80 and CD86 by 
lung exudate macrophages at 35 dpi. Results represent mean ± SEM (n = 5) from one of two independent experiments. *p < 0.05. ExM, exudate macrophages.
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MARCO expression affects the activation status of pulmonary 
macrophages during the efferent phase of C. neoformans infec-
tion. Equivalent recruitment of exudate macrophages was noted 
between infected MARCO−/− and WT mice during the efferent 
phase of C. neoformans infection (Figure 3A). However, MARCO 
deficiency resulted in augmented mRNA expression of iNOS but 
not Arg1 by lung macrophages at 35 dpi (Figure 3B). Moreover, 
we found that MARCO deficiency resulted in significantly 
increased expression of CD80 and CD86 by exudate macrophages 
at 35 dpi (Figures 3C,D), consistent with improved pulmonary 
fungal clearance in these mice. Interestingly, expression of CD80, 
CD86, iNOS, and Arg1 by alveolar macrophages was similar 
between infected MARCO−/− and WT mice (not shown). Thus, 
consistent with the diminished efferent Th1 responses, MARCO 
expression is associated with impaired classical activation of 
exudate macrophages in the lungs during the efferent phase of  
C. neoformans infection.

MarcO expression enhances  
non-Protective and Opposes Protective 
systemic responses during the efferent 
Phase of C. neoformans infection
Since MARCO affected extra-pulmonary C. neoformans dis-
semination, we next studied its effects on systemic immune 
responses during the efferent phase of cryptococcal infection. 
To accomplish this, we evaluated the cytokine production by 
splenocytes of infected MARCO−/− and WT mice in response 

to cryptococcal antigen. Consistent with results from the lungs, 
production of non-protective cytokines, including IL-4 and 
IL-10, was lower by splenocytes from MARCO−/− compared to 
WT mice at 21  dpi (Figure  4A). The concentration of serum 
IgE, a hallmark of systemic Th2 response, was also significantly 
lower in MARCO−/− mice compared to WT mice at 21 and 35 dpi 
(Figure 4B). Furthermore, MARCO deficiency led to elevated 
production of beneficial Th1 cytokines such as IFN-γ (21 and 
35 dpi) and TNF-α (35 dpi) by splenocytes in response to cryp-
tococcal antigen stimulation (Figure 4C). We next investigated 
whether T  cells were the major source of antigen-triggered 
IFN-γ production in splenocyte cultures using intracellular 
flow cytometric analysis. We identified increased frequencies of 
IFN-γ-producing CD8+ T cells in MARCO−/− mice compared to 
WT mice (Figure 4D). We also observed a similar, strong trend 
in increased frequencies of IFN-γ-producing CD4+ T  cells in 
MARCO−/− mice compared to WT mice (p = 0.1) (Figure 4D), 
which became significant when splenocyte culture were stimu-
lated with PMA and ionomycin (data not shown). Interestingly, 
we also found a higher frequency of non-T  cell populations 
(CD4−CD8−) producing IFN-γ in antigen stimulated splenocyte 
cultures from MARCO−/− mice compared to those from WT 
mice (Figure 4D). These results indicate that MARCO expres-
sion also broadly affects IFN-γ production by cells outside the 
T cell compartment. Collectively, we found that MARCO expres-
sion promotes a systemic shift away from protective responses 
toward non-protective responses during the efferent phase of  
C. neoformans infection.
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FigUre 4 | Continued
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FigUre 4 | Continued  
Macrophage receptor with collagenous structure (MARCO) expression promotes systemic Th2 response and inhibits Th1 response during the efferent phase of 
Cryptococcus neoformans infection. Spleen leukocytes were isolated from infected MARCO−/− and MARCO+/+ mice at 21 and 35 dpi. After stimulated with 
heat-killed C. neoformans for 48 h, cytokine production in the supernatant of cell cultures was analyzed by cytometric bead assay. (a) MARCO expression increases 
IL-4 and IL-10 production by spleen leukocytes at 21 dpi. (B) MARCO expression significantly increases serum IgE level in mice infected with C. neoformans.  
(c) MARCO expression inhibits production of IFN-γ and TNF-α by spleen leukocytes at 21 or 35 dpi. (D) MARCO expression inhibits production of IFN-γ by CD4+ 
T cells, CD8+ T cells and non-T cells (CD4−CD8−) at 35 dpi. Splenocytes were stimulated with heat-killed C. neoformans and analyzed by intracellular flow cytometry. 
Results represent mean ± SEM (n > 4). *p < 0.05.
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MarcO expression contributes  
to Th2 Priming in the lalns during  
C. neoformans infection
We next dissected the mechanisms by which MARCO modulates 
Th polarization. T cells are primed in the draining lymph nodes 
and their polarization is orchestrated by distinct DC subsets 
during C. neoformans infection (36). We, thus, looked at the 
priming of T cells in the LALN at 10 dpi, an early time point at 
the onset of T cell polarization. Though MARCO deficiency had 
no effect on the T cell expansion in LALNs at 10 dpi (Figure 5A), 
we found reduced expression of IL-13 by the LALN leukocytes 
of infected MARCO−/− mice compared to WT mice (Figure 5B). 
Furthermore, expression of IFN-γ and the transcription factors 
T-bet and Eomesodermin by LALN leukocytes were similar 
between MARCO−/− and WT mice (Figure  5B and data not 
shown). To further assess whether MARCO promotes Th2 prim-
ing in the LALN during C. neoformans infection, we performed 
intracellular staining for cytokines and transcription factors in 
LALN leukocytes. Consistent with our gene expression analysis, 
we found that MARCO deficiency resulted in reduced frequen-
cies of LALN CD4+ T cells expressing Th2-associated cytokine 
IL-13 and transcriptional factor Gata3 at 10  dpi (Figure  5C).  
By contrast, MARCO deficiency had no effect on IFN-γ expres-
sion by CD4+ T  cells in the LALN at 10  dpi. Thus, MARCO 
expression enhances early Th2 priming but appears to have little 
or no effect on early Th1 priming in the LALN during C. neofor-
mans infection.

MarcO expression Promotes 
accumulation of cD11b+ cDc in the  
laln during C. neoformans infection
Pulmonary CD11b+ cDC have been shown to orchestrate the 
development of non-protective Th2 responses during cryp-
tococcal infection (15). To test whether MARCO expression 
affects the accumulation of DC in the LALN, we analyzed 
leukocyte populations in the LALN of infected MARCO−/− and 
WT mice at 10 dpi. While total leukocyte accumulation in the 
LALN was not altered in MARCO-deficient mice, MARCO 
expression significantly promoted the accumulation of migra-
tory DC (CD11c+MHCIIhigh) in the LALN of infected mice 
(Figures 6A,B). We further explored whether MARCO affected 
the accumulation of specific DC subsets in the LALN during  
C. neoformans infection. Notably, MARCO deficiency selectively 
impaired accumulation of CD11b+ cDC, but had no effect on the 
accumulation of CD103+ cDC and moDC subsets in the LALN 
of C. neoformans-infected mice (Figure  6C). Thus, MARCO 

expression is critical for the accumulation of CD11b+ cDC in 
the LALN during C. neoformans infection.

MarcO expression Promotes alternative 
activation and inhibits classical activation 
of cD11b+ cDc in lalns during  
C. neoformans infection
The activation status of DC in the LALN can be influenced by 
fungal virulence factors and plays a vital role in the control of 
T  cell polarization (16, 37). We further assessed the effect of 
MARCO on the activation status of CD11b+ cDC in the LALN 
during C. neoformans infection by analyzing the expression of 
classical activation markers (CD80 and CD86) as well as alter-
native activation marker (CD206) on CD11b+ cDC. We found 
that MARCO deficiency led to increased expression of CD80 
and CD86 and decreased expression of CD206 by CD11b+ cDC 
in the LALN at 10  dpi (Figures  7A,B). Interestingly, MARCO 
deficiency had no effect on the activation status of CD103+ cDC 
and moDC in LALN of infected mice (not shown). These data 
show that MARCO expression specifically promotes alternative 
activation and inhibits classical activation of CD11b+ cDC in the 
LALN. Collectively, this MARCO-dependent accumulation and 
alternative activation of CD11b+ cDC in the LALN may represent 
a critical mechanism through which MARCO promotes the 
development of a stronger Th2 response and downregulates the 
Th1 response, leading to fungal persistence during the efferent 
phase of C. neoformans infection (Figure 8).

DiscUssiOn

Although our previous study demonstrated that scavenger recep-
tor MARCO is involved in the phagocytosis of C. neoformans 
by lung leukocytes and early recruitment of myeloid cells, the 
function of MARCO in the later stages of adaptive antifungal 
immunity remains unknown. Here, we demonstrated that 
MARCO expression ultimately promotes fungal persistence 
and dissemination by directly or indirectly contributing to the 
development of non-protective responses during cryptococcal 
infection. Our immunological analysis mechanistically linked 
these effects during the adaptive phase with increased pulmonary 
and systemic Th2 responses and impaired classical activation of 
macrophages in the lungs. We further show that the upstream 
accumulation and alternative activation of CD11b+ cDC in LALN 
of C. neoformans-infected mice provides a likely mechanism 
through which C. neoformans exploits MARCO to trigger a 
shift to Th2 responses. Collectively, our study uncovers novel 
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FigUre 5 | Macrophage receptor with collagenous structure (MARCO) promotes Th2 response in the LALN of Cryptococcus neoformans-infected mice.  
(a) MARCO is dispensable for accumulation of CD4+ T cells in the LALN of C. neoformans-infected mice at 10 dpi. (B) Expression of IL-13 and IFN-γ by total LALN 
leukocytes from infected MARCO−/− and MARCO+/+ mice at 10 dpi were analyzed by RT-qPCR. Note that MARCO enhanced mRNA expression of IL-13 but not 
IFN-γ by total LALN leukocytes. Expression of each target gene was normalized to the 18S housekeeping gene. (c) MARCO expression promotes IL-13 and Gata3 
but not IFN-γ protein production by CD4+ T cells in the LALN of C. neoformans-infected mice. Results represent mean ± SEM (n = 5) with similar results from two 
independent experiments. *p < 0.05.
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cellular and molecular pathway through which C. neoformans 
evades host defenses and induces non-protective antifungal 
immunomodulation.

Our current study revealed the novel observation that 
MARCO expression significantly promotes fungal persistence 
and extra-pulmonary dissemination during the efferent phase of 
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FigUre 7 | Macrophage receptor with collagenous structure (MARCO) expression promotes alternative activation and inhibits classical activation of CD11b+ 
conventional DC (cDC) in the lung-associated lymph node (LALN) of Cryptococcus neoformans-infected mice. (a) Surface expression of CD80, CD86, and CD206 
by CD11b+ cDC was analyzed by flow cytometry. (B) Bar graphs represent percentage of CD11b+ cDC expressing CD80, CD86, and CD206. Note that CD11b+ 
cDC from infected MARCO+/+ mice exhibited higher expression of CD80 and CD86 but lower levels of CD206 compared to CD11b+ cDC from infected MARCO−/− 
mice. Results represent mean ± SEM (n = 5), with similar results from two independent experiments. *p < 0.05.

FigUre 6 | Macrophage receptor with collagenous structure (MARCO) expression promotes the accumulation of CD11b+ cDC in the lung-associated lymph node 
(LALN) of Cryptococcus neoformans-infected mice. (a,B) MARCO expression promotes the accumulation of dendritic cell (DC) but not total leukocytes in LALN of 
C. neoformans-infected mice at 10 dpi. (c) MARCO expression promotes the accumulation of CD11b+ cDC but not CD103+ cDC and moDC. Results represent 
mean ± SEM (n = 5), with similar results from two independent experiments. *p < 0.05. cDC, conventional dendritic cells; moDC, monocytes-derived dendritic cells.
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C. neoformans infection. Interestingly, our previous study demon-
strated that MARCO orchestrates innate defenses and contributes 
to fungal containment during initial response to cryptococcal 
infection by promoting early inflammatory cytokine production 
in the lungs and phagocytosis by myeloid cells (19). These results 
show that, in the grand scheme, the initial benefits of MARCO 
expression during the innate phase were gradually replaced by the 
non-protective effects induced by MARCO during the efferent 

phase of C. neoformans infection. Collectively, we found that 
MARCO can play distinct functions in host defenses to patho-
gens, protective during the relatively short innate phase and then 
non-protective during subsequent efferent phase.

Distinct roles of specific factors in innate versus adaptive 
responses, while rare, are not unique to MARCO and can be 
found in other immune receptors, such as T-cell immunoglobu-
lin domain and mucin domain 3 (TIM3), which was shown to 
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FigUre 8 | Roles of macrophage receptor with collagenous structure (MARCO) in orchestrating adaptive immunity during fungal infection. MARCO expression 
contributes to accumulation of CD11b+ conventional DC (cDC) and their alternative activation in the lung-associated lymph node (LALN), which promotes the 
development of Th2 responses in the LALN and lungs during Cryptococcus neoformans infection. Thus, efferent control of fungal growth was impaired along  
with increased production of type 2 cytokines IL-5 and IL-13, and alternative activation of effector cells in the lungs of MARCO+/+ mice.
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promote pro-inflammatory innate responses while restraining 
Th1 responses (38). While it is not uncommon for pathogens to 
exploit loopholes in the signaling cascades of the immune system 
and hijack protective pathways, our results showing dual roles of 
MARCO during cryptococcal infection may provide insights that 
explain why different genetic variants of MARCO differentially 
affect health of the human population. In human pulmonary 
tuberculosis, some genetic variants of MARCO are associated 
with susceptibility, while other variants are associated with 
resistance (39). Given the similarities of pathogenicity between 
C. neoformans and M. tuberculosis (both can survive and grow 
intracellularly in the alveolar macrophages and require Th1-cell 
help for their eradication), it is possible that these distinct vari-
ants may affect the magnitude of protective versus non-protective 
effects of MARCO. Another element of pathogenesis shared 
by C. neoformans and M. tuberculosis is their ability to induce 
latent infections (40, 41). Since, non-protective elements of the 
immune response contribute to cryptococcal persistence (42, 43),  
MARCO and other factors exploited by C. neoformans may in fact 
contribute to the development of cryptococcal latency. Thus, pos-
sible contribution of MARCO expression to long-term latency of 
C. neoformans infection and whether genetic variants of MARCO 
are associated with susceptibility to cryptococcosis in humans 
warrants further study.

The effects of MARCO in the development of adaptive 
immunity were less well explored compared to its well-studied 
innate functions in control of infections such as Mycobacterium 

tuberculosis, Streptococcus pneumonia, and Leishmania major 
(21–23). In this study, we showed that MARCO expression can be 
later exploited by C. neoformans to modulate T cell polarization 
during the efferent phase of infection. Consistent with the higher 
fungal burden in WT mice, MARCO expression led to enhance-
ment of non-protective Th2 responses, diminished protective 
Th1 responses, and impaired classical activation of macrophages 
in the lungs during the efferent phase of C. neoformans infec-
tion (Figure  8). Interestingly, while the effects of MARCO  
on induction of systemic and pulmonary Th2 bias were similar 
(Th2 cytokine production in lungs and spleen and corresponding 
changes in serum IgE level), divergent functions of MARCO were 
found when it comes to IFN-γ production. MARCO expression 
was associated with diminished expression of IFN-γ by both 
T cells and non-T cells in the spleens, while we did not observe 
any effects of MARCO on IFN-γ production by the lung and 
LALN cells. Thus, while our current study substantially advances 
our understanding of the role of MARCO as an important modu-
lator of host adaptive immunity during fungal infections, future 
studies are needed to fully characterize the mechanisms by which 
MARCO plays divergent roles in different organs of the infected 
host.

Molecular and cellular mechanisms of non-protective Th2 
response development during C. neoformans infection are incom-
pletely understood. Pathogen virulence factors, such as capsule, 
chitin, urease, and other lipid mediators, promote Th2 responses 
during C. neoformans infection (8, 44, 45), however, host signaling 

221

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Xu et al. MARCO in Adaptive Anti-Fungal Immunity

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1231

pathways exploited by fungal pathogens that contribute to Th2 
development are less studied. Though critical roles of pulmonary 
CD11b+ cDC in Th2 response development during C. neoformans  
infection was demonstrated (15), the underlying mechanisms 
are not fully elucidated. In our study, we demonstrated that 
the upstream Th2 priming in the draining lymph nodes was 
enhanced by MARCO expression. More importantly, our results 
showed that the accumulation and alternative activation of 
CD11b+ cDC also depended on MARCO expression. Thus, the 
increased accumulation and alternative activation of CD11b+ 
cDC is likely a crucial mechanism by which C. neoformans exploits 
MARCO to promote the Th2 response and downregulate Th1 
response during infection. However, at this time, we cannot rule 
out that other possible cell subsets affected by C. neoformans in a 
MARCO-dependent fashion might also enhance non-protective 
Th2 responses.

The current study demonstrates that MARCO exhibits some 
interesting similarities and differences during fungal infections 
when compared with our previous study on the role of another 
scavenger receptor, SR-A (17). While our studies demonstrated 
that C. neoformans can exploit multiple scavenger receptors to 
facilitate its survival in the host by triggering the same type of 
immunomodulation, there are significant differences between the 
effects of SR-A and MARCO on DC activation. SR-A promotes 
the early production of type 2 cytokines in both the lungs and 
LALN during the afferent phase of C. neoformans infection 
and globally contributed to the alternative activation of DC at 
both sites (17). By contrast, MARCO contributes to increased 
early IFN-γ production and classical activation of moDC in the 
lungs (19), at the same time selectively enhances the accumula-
tion and alternative activation of CD11b+cDC in the LALN of  
C. neoformans-infected mice. These seemingly discrepant effects 
within mucosal sites and regional lymph nodes demonstrate that 
MARCO signaling is likely contextual, depending on DC subsets 
and/or effects of local micro-environments. While future studies 
are needed to clarify this, our studies indicate that both MARCO 
and SR-A can promote Th2 polarization during cryptococcal 
infection possibly via different mechanisms.

In summary, our novel findings show that MARCO facili-
tates cryptococcal persistence in the host through promoting 
non-protective Th2 responses during the efferent phase of  
C. neoformans infection. We identify MARCO-dependent 

accumulation and alternative activation of CD11b+ cDC as one 
mechanism explaining these effects. Thus, this study substantially 
advances our understanding about the roles of MARCO in the 
adaptive phase of antifungal immunity.
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The Parkinson’s disease-associated protein, Leucine-rich repeat kinase 2 (LRRK2), a 
known negative regulator of nuclear factor of activated T cells (NFAT), is expressed in 
myeloid cells such as macrophages and dendritic cells (DCs) and is involved in the host 
immune response against pathogens. Since, the Ca2+/NFAT/IL-2 axis has been previ-
ously found to regulate DC response to the fungus Aspergillus, we have investigated the 
role played by the kinase LRRK2 during fungal infection. Mechanistically, we found that 
in the early stages of the non-canonical autophagic response of DCs to the germinated 
spores of Aspergillus, LRRK2 undergoes progressive degradation and regulates NFAT 
translocation from the cytoplasm to the nucleus. Our results shed new light on the 
complexity of the Ca2+/NFAT/IL-2 pathway, where LRRK2 plays a role in controlling the 
immune response of DCs to Aspergillus.

Keywords: leucine-rich repeat kinase 2, nuclear factor of activated T  cells, nrOn, dendritic cell, Aspergillus, 
autophagy

inTrODUcTiOn

Leucine-rich repeat kinase 2 (LRRK2) was first discovered in genome-wide linkage studies of 
patients of Parkinson’s disease (1, 2). Since then, the majority of studies on LRRK2 have been focused 
on linking various point mutations in the various domains of LRRK2 with Parkinson’s disease (3), 
and the contribution of mutated LRRK2 protein to neuronal toxicity (4–6). Studies have also shown 
a possible involvement of the immune system in Parkinson’s disease pathogenesis. Inflammation is 
thought to lead to the neurodegeneration and neurotoxicity seen in Parkinson’s disease (7, 8). Also, 
it is known that patients of Parkinson’s disease are often hospitalized for various types of infections, 
such as urinary tract infection and pneumonia (9). The involvement of LRRK2 in response to inflam-
matory stimulus (10), as well as microbes, and pathogen-associated molecular patterns (PAMPs) 
(11–14), have also been seen in several studies.
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Leucine-rich repeat kinase 2 has been reported to nega-
tively regulate the nuclear factor of activated T cells (NFAT) 
pathway in bone marrow-derived macrophages (BMDMs) via 
the NRON complex. LRRK2 was found to bind 5 of the 11 pro-
teins associated with the NRON complex, and overexpression 
of LRRK2 increases binding of NFAT with NRON complex 
members, in particular IQGAP, chromosome segregation 
1-like (CSE1L), and transportin-1 (15). This regulation of 
NFAT by LRRK2 was found to be independent of its kinase 
function. Given the importance of the NFAT pathway in the 
regulation of T  cell development and function [as reviewed 
in Ref. (16)], it is of notice that LRRK2 expression is lower in 
T cells than in BMDMs and bone marrow-derived dendritic 
cells (BMDCs) (15), underlining a possible role of LRRK2 in 
innate immunity during infection as supported by other stud-
ies (10, 17).

It has been established that the Ca2+/NFAT/IL-2 pathway is 
activated in DCs in response to live Candida albicans and zymosan 
binding to Dectin-1 leading to the production of cytokines, 
including IL-2 (18). To this end, we have also shown that NFAT 
signaling regulates cytokine IL-2 expression in DCs stimulated 
in vitro with Saccharomyces cereviseae-derived whole glucan par-
ticles (19), and that DC-derived IL-2 expression in lung CD103+ 
DCs is important for eliciting the appropriate Th17 cell response 
to Aspergillus fumigatus infection (20). In this study, we report 
that LRRK2 localizes to lysosomic and endosomic structures in 
DCs at steady state, as well as after Aspergillus exposure, and that 
autophagy is able to influence LRRK2 expression, and subse-
quently, the activation of Ca2+/NFAT/IL-2 axis in DCs differently 
from the other NRON complex components. In conclusion, our 
findings suggest a role for LRRK2 and the NRON complex in the 
early phases of the immune response to Aspergillus.

MaTerials anD MeThODs

Mice
Eight-week-old wild-type C57BL/6 mice used for experiments 
were bred and kept under specific pathogen-free conditions in 
the Biomedical Resource Centre, Singapore. All experiments 
and procedures were approved by the Institutional Animal Care 
and Use Committee (IACUC) of A*STAR (Biopolis, Singapore) 
(Authorization No.: IACUC 110626) in accordance with the guide-
lines of the Agri-Food and Veterinary Authority (AVA) and the 
National Advisory Committee for Laboratory Animal Research 
(NACLAR) of Singapore. Z. Liu of Institute of Biophysics Chinese 
Academy of Sciences provided LRRK2 −/− mice bone marrows.

Fungal cells
Aspergillus fumigatus isolate AF293 (MYA-4609, ATCC, 
Manassas, VA, USA) was used for cultures. A. fumigatus was 
cultivated for 5 days on potato dextrose agar (Sigma-Aldrich, St. 
Louis, MO, USA) before conidia were harvested by washing with 
PBS 0.05% Tween 20. Swollen conidia were obtained by incubat-
ing conidia in liquid yeast extract peptone dextrose at 37°C for 
4 h on a rotary shaker at 300 rpm. In addition, a red fluorescent 
protein (RFP)-expressing A. fumigatus AF293 strain used in this 

study was obtained from Prof. Eric Pearlman (Case Western 
Reserve University, Cleaveland, OH, USA).

cell cultures
Bone marrow-derived dendritic cells were generated by cul-
turing mouse bone marrow extracted by flushing the femurs 
and tibias. The collected bone marrow was treated with 
ammonium-chloride-potassium lysing buffer. The remain-
ing cells post-lysis were cultured in suspension plates with 
Iscove’s Modified Dulbeccos Medium (IMDM) (HyClone, 
Thermo Fisher Scientific, Waltham, MA, USA) containing 
10% fetal bovine serum (FBS) (Euroclone, Milan, Italy), 2 mM 
L-glutamine (Gibco, Life Technologies, Carlsbad, CA, USA), 
100  U/mL Penicillin/Streptomycin (Gibco, Life Technologies, 
Carlsbad, CA, USA), supplemented with 10% supernatant from 
a GM-CSF-producing B16 melanoma cell line to a final concen-
tration of 20 ng/mL GM-CSF to generate BMDCs.

The long-term GM-CSF cytokine-dependent DC cell line, D1 
(21), was grown in suspension plates with IMDM containing 10% 
FBS (Australian origin, Gibco, Life Technologies, Carlsbad, CA, 
USA) 2 mM L-glutamine, 100 U/mL Penicillin/Streptomycin, and 
55 µM β-mercaptoethanol (Gibco, Life Technologies, Carlsbad, 
CA, USA), supplemented with 30% supernatant from NIH/3T3 
cells transfected to produce GM-CSF to a final concentration of 
10 ng/mL.

In all stimulation experiments, cells were stimulated with 
A. fumigatus swollen conidia in a 1:10 (fungi:cell) ratio. 
Pharmaceuticals used in these experiments include 3-methylad-
enine (3MA) (Sigma-Aldrich, St. Louis, MO, USA), Bafilomycin 
A (Baf) from Streptomyces griseus (Calbiochem, Merck Millipore, 
Billerica, MA, USA), Cytochalasin D (CytoD) (Sigma-Aldrich, 
St. Louis, MO, USA), leupeptin hemisulfate (Sigma-Aldrich, 
St. Louis, MO, USA), and ammonium chloride (Leu/A) (Sigma-
Aldrich, St. Louis, MO, USA).

nFaT nuclear Translocation
D1 nuclear factor of activated T  cells translocation-firefly 
luciferase reporter cells were generated by transducing the D1 
cells with Cignal Lenti NFAT Reporter with firefly luciferase 
(SABiosciences, Qiagen, Venlo, Limburg, Netherlands). NFAT 
nuclear translocation was detected by ONE-Glo™ Luciferase 
assay System (Promega, Madison, WI, USA) and the lumines-
cence signal quantified with the GloMax®-Multi Detection 
System Luminometer module (Promega, Madison, WI, USA).

shrna Knockdown
MISSION® Lentiviral Particles (Sigma-Aldrich, St. Louis, MO, 
USA) with the pLKO.1-puro vector containing shRNA sequences 
targeting NRON, CSE1L, sperm-associated antigen 9 (SPAG9), 
LRRK2 shRNA, PPP2R1A were used.

Below details includes the gene reference identification num-
ber (NM ID) and The RNAi Consortium (TRC) clone identifica-
tion number (clone ID) for the shRNA-lentiviral particles for 
targeting these genes (Table 1).

NRON shRNA lentiviral particles were custom designed and 
packaged into lentiviral particles (ACGGTGGGTTTATGACAA 
ATT and ACGGGTGCTGGATGACATATT) by Sigma-Aldrich 
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Table 1 | Details of commercially purchased MISSION® lentiviral particles.

gene target nM iD The rnai consortium  
(Trc) clone iD

Chromosome segregation 1-like NM_023565 TRCN0000174506
TRCN0000174691

Sperm-associated antigen 9 NM_027569 TRCN0000176696
TRCN0000177089

Ppp2r1a NM_016891 TRCN0000012624
TRCN0000012626

Leucine-rich repeat kinase 2 NM_025730 TRCN0000022656
TRCN0000022657
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(St. Louis, MO, USA). MISSION® pLKO.1-puro non-target 
shRNA control transduction particles (Sigma-Aldrich, St. Louis, 
MO, USA) were used as a transduction control.

For the transduction, D1 cells were seeded and rested over-
night in antibiotic-free D1 medium. The next day, the medium 
was replaced with antibiotic-free D1 medium containing 2 µg/mL  
SureEntry™ transduction reagent (SABiosciences, Qiagen, Venlo, 
Limburg, Netherlands). The D1 cells were then transduced with 
MISSION® lentiviral particles at multiplicity of infection (MOI) 
10 and allowed to incubate for 20 h at 37°C in 5% CO2. After 20 h 
incubation, the medium containing the lentivirus particles was 
aspirated out, replaced with complete D1 medium, and allowed 
to rest for 48 h at 37°C in 5% CO2. After being allowed to rest, 
successfully transduced cells were selected 4  days by replacing 
the medium with D1 medium containing 0.5 µg/mL of puromy-
cin dihydrochloride (Calbiochem, Merck Millipore, Billerica,  
MA, USA).

For in  vitro silencing of Rubcn, Nox2, and Atg7, D1 were 
transfected with 40 nM of the following siRNAs: Rubcn (Duplex 
name mm.Ri.1700021K19Rik.13.1; sense, 5′-GUACUUGACC 
GCUAGUAAAAUCATT-3′; antisense, 5′-GACAUGAACUGGC 
GAUCAUUUUAGUAA-3′), Nox2 (Duplex name mm.Ri.Cybb.13.1;  
sense, 5′-GUUCAAGGUCAGUUUAUUGAAUGAA-3′; antisense,  
5′-CACAAGUUCCAGUCAAAUAACUUACUU-3’), Atg7 (Duplex  
name mm.Ri.Atg7.13.1; sense, 5′CUUGAUCAGUACGAGCGA 
GAAGGAT-3′; antisense, 5′-AAGAACUAGUCAUGCUCGCU 
CUUCCUA-3′) (all from IDT). Silencing was performed using 
TransIT-TKO® Transfection Reagent (Mirus) and incubated for 
24 h (as indicated by preliminary experiments performed at 12, 
24, or 48 h) at 37°C in 5% CO2. Transfected cells were exposed 
to A-sw.

cytotoxicity assay
The sensitivity of cells to different inhibitors was determined  
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  
(MTT; Trevigen) assay. Briefly, 2,500 D1 cells were seeded 
in 180  µL medium in quadruplicate in 96-well tissue culture 
plates and following overnight incubation with A-sw in a 1:10 
(fungi:cell) ratio with or without inhibitors. After 24 h MTT was 
added and the absorbance of the formazan product was meas-
ured on a microplate reader TECAN infinite m200 together 
with the i-control™ software (Mannedorf, Switzerland) at 
600 nm.

lysosome isolation
Lysosomes were isolated from D1 cells as described by Graham 
(22). Briefly, D1 cells were harvested from suspension plates and 
washed with PBS. The cell pellet was then resuspended in ice cold 
homogenization medium (0.25 M sucrose, 1 mM EDTA, 10 mM 
HEPES, pH 7) and homogenized in a Wheaton type Dounce 
tissue grinder (Wheaton, Millville, NJ, USA) on ice until above 
90% cell breakage was observed under the microscope by staining 
with PBS containing 0.04% v/v Tryphan blue (Sigma-Aldrich, St. 
Louis, MO, USA). The homogenate was then centrifuged at 800 g 
for 10 min to pellet nuclei and cell debris. The resulting supernatant 
from the centrifuge was mixed with bovine serum albumin (final 
proportion of 4% v/v) and Percoll (final proportion of 22% v/v). 
The mixture was then ultracentrifuged for 30 min at 36,000 × g  
without brake activation. After centrifugation, a visible band of 
the enriched lysosomes was seen near the bottom of the tube. 
400  µL fractions, containing the enriched lysosomes were col-
lected, and Igepal CA-630 (final proportion of 0.5% v/v) was 
used to solubilize the lysosome membranes. Solubilized fractions 
were centrifuged at 100,000 × g for 2 h to pellet the Percoll, and 
the resulting supernatants were obtained for analysis by western 
blotting.

cytokine Detection
Cell culture medium was assayed for cytokine production by 
sandwich enzyme-linked immunosorbent assay (ELISA) for 
IL-2, IL-12/IL-23p40, and IL-23. IL-2 and IL-12/IL-23p40 were 
assayed using commercially available antibody pairs and stand-
ards from BioLegend (San Diego, CA, USA) and eBioscience 
(San Diego, CA, USA), respectively. Measurements were detected 
using the TECAN infinite m200 together with the i-control™ 
software (Mannedorf, Switzerland; measurement wavelength 
450 nm, reference wavelength 570 nm). IL-23 was assayed using 
mouse IL-23 ELISA Ready-SET-Go!® (Second-generation assay) 
(Affymetric eBioscience, San Diego, CA, USA) according to 
manufacturer’s instructions. In addition, selected supernatant 
samples were analyzed using the Milliplex Multi Analyte Panels 
Mouse TH17 Magnetic Bead Panel Immunology Multiplex assay 
(MTH17MAG-47K) in conjunction with the Luminex MAGPIX® 
system (Merck Millipore, Billerica, MA, USA).

Western blot
Whole cell lysates were obtained by lysing cells in radioimmu-
noprecipitation assay buffer containing 1× cOmplete, EDTA-
free Protease Inhibitor Cocktail (Roche, Basel, Switzerland), 
1× PhosSTOP Phosphatase Inhibitor Cocktail (Roche, Basel, 
Switzerland), and 1  mM phenylmethanesulfonylfluoride. The 
protein concentration in the cell lysates were measured using the 
Pierce™ 660 nm Protein assay kit (Thermo Scientific, Waltham, 
MA, USA), and colorimetric readings were obtained by measur-
ing the wavelength at 660 nm using the TECAN infinite m200 
together with the i-control™ software (Mannedorf, Switzerland). 
Protein lysates were diluted with Laemmli buffer containing 2.5% 
v/v β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and 
heated at 95°C for 10 min prior to separation on sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in 
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Table 2 | List of real-time quantitative PCR primers.

gene Forward primer (5′–3′) reverse primer (5′–3′)

Chromosome segregation 1-like GTGGGAAAGGACAGGAAACA AAACCTTGGTGATCGTTTGC
Gapdh TTGAGGTCAATGAAGGGGTC TCGTCCCGTAGACAAAATGG
Leucine-rich repeat kinase 2 GATGTCAGTACGCCCCTGAT CTGCCAGCGCTATGATGTTA
Nron CAGTAAAGGAGCAGTAGTGGAAACAG TGGGGGGAGCGAATGGCATCGGGAAC
Ppp2r1a CAACCTGGATTGGTGGAACG GATCCACTAGCCAGGCCATA
Sperm-associated antigen 9 AAACCTCAGGGACTCCAGGT CCCCACCACTGCTACTTTGT
Rubcn GUACUUGACCGCUAGUAAAAUCATT GACAUGAACUGGCGAUCAUUUUAGUAA
Atg7 CUUGAUCAGUACGAGCGAGAAGGAT AAGAACUAGUCAUGCUCGCUCUUCCUA
Nox2 GUUCAAGGUCAGUUUAUUGAAUGAA CACAAGUUCCAGUCAAAUAACUUACUU
Dapk1 CGAGUUUGGAUAUGACAAGGAUACA UGUAUCCUUGUCAUAUCCAAACUCGCC
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Tris-glycine-SDS buffer, along side the Precision Plus Protein 
Dual Color standards protein ladder (Bio-Rad, Hercules, CA, 
USA). Up to 50  µg of protein was loaded into each well for 
separation. The SDS-PAGE gel was run at 60 V till all samples 
entered the resolving gel, before increasing the running voltage 
to 110 V until the dye front had traveled to the end of the gel. 
The separated proteins were then transferred to polyvinylidene 
fluoride membrane in Tris-glycine buffer containing 10% 
v/v methanol at either 240 mA for 2 h or 200 mA for 4 h. For 
LRRK2, lysates were first concentrated using the Vivaspin 500 
molecular weight cut off 100,000 columns (Sartorius, Goettingen, 
Germany), and the NuPAGE® large protein analysis system (Life 
Technologies, Carlsbad, CA, USA) was adopted. Antibodies used 
for western blot include: LRRK2 rabbit monoclonal antibody, 
clone: MJFF2 (Epitomics, Abcam, Cambridge, UK), LC3B anti-
body (cell Signaling Technology, Danvers, MA, USA), Purified 
anti-mouse CD107a (LAMP-1), clone: 1D4B (Biolegend, San 
Diego, CA, USA), anti-TATA binding protein (TBP), clone: 
1TBP18 (Abcam, Cambridge, UK), Rab5 (C8B1) Rabbit mAb 
(cell Signaling Technology, Danvers, MA, USA), JIP4/SPAG9 
(D72F4) XP® Rabbit mAb (cell Signaling Technology, Danvers, 
MA, USA), Anti-PPP2R1A antibody [6F9] (Abcam, Cambridge, 
UK), GAPDH antibody, clone: 6C5 (Merck Millipore, Billerica, 
MA, USA), DAPK1 mouse polyclonal antibody, clone: RB3033 
(antibodies-online.com). For DAPK1, normalization was 
performed by probing the membrane with mouse monoclonal 
β-actin antibody, clone: AC-40 (Sigma-Aldrich). Band pixel den-
sity was analyzed from the film scans by ImageJ software (NIH, 
Bethesda, MD, USA).

rna extraction, real-time  
Quantitative Pcr
Cells were lysed with 1  mL of TRIzol® reagent (Ambion, Life 
Technologies, Carlsbad, CA, USA) and flash frozen on dry ice 
prior to storage at −80°C. To extract RNA, 200 µL (20% v/v) of 
chloroform (Merck, Kenilworth, NJ, USA) was added to each 
sample. Each sample was then shaken vigorously, and then cen-
trifuged at 15,000 rpm, 4°C for 15 min. This separated the sample 
into a top organic phase containing the RNA, a thin interface 
containing DNA and a bottom organic phase containing protein. 
The top supernatant was aspirated and transferred to a new tube. 
An equal volume of 70% v/v ethanol was added and mixed to the 
sample. RNA was extracted from this mixture using the RNeasy 

mini kit (Qiagen, Venlo, Limburg, Netherlands) according to 
the manufacturer’s instructions. Extracted RNA samples were 
then treated with DNase using the TURBO DNA-free™ kit 
(Ambion, Life Technologies, Carlsbad, CA, USA) according to 
manufacturer’s instructions. The RNA content of each sample was 
then quantified using the Nanodrop™ 1000 (Thermo Scientific, 
Waltham, MA, USA). 2  µg of RNA was retro-transcribed into 
cDNA using the High Capacity Reverse Transcription Kit 
(Applied Biosystems, Life Technologies, Carlsbad, CA, USA) 
according to manufacturer’s instruction. The obtained cDNA was 
then used for real-time quantitative PCR. The Brilliant SYBR® 
Green QPCR Mastermix and Reference Dye (Stratagene, Agilent 
Technologies, Santa Clara, CA, USA) was used to set up the real-
time quantitative PCR reaction, and the samples were run in the 
MX3000P instrument (Stratagene, Agilent Technologies, Santa 
Clara, CA, USA). Gene expression data was analyzed using the 
MxPro QPCR software (Stratagene, Agilent Technologies, Santa 
Clara, CA, USA). Primer sequences targeting mouse genes used 
in this study are listed in Table 2.

immunofluorescence confocal 
Microscopy
D1 cells were seeded and stimulated in μ-slide 8-well chambers 
(Ibidi, Martinsried, Germany). Post-stimulation cells were fixed in 
2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), and 
permeabilized in PBS containing 0.1% saponin (Sigma-Aldrich, 
St. Louis, MO, USA), 0.2% gelatin (Fluka Analytical, Sigma-
Aldrich, St. Louis, MO, USA), and 5% bovine serum albumin 
(Merck Millipore, Darmstadt, Germany). Cells were stained and 
washed using PBS containing 0.01% saponin and 0.2% gelatin. 
Cells were stained with a primary LC3B antibody (Cell Signaling 
Technology, Danvers, MA, USA) and a secondary goat α-rabbit 
IgG antibody conjugated to Alexa Fluor® 488 (Invitrogen, Life 
Technologies, Carlsbad, CA, USA). In addition, 4’,6-diamidino-
2-phenylindole (Invitrogen, Life Technologies, Carlsbad, CA, 
USA) was used to stain the cell nuclei. Images were acquired on 
an Olympus FV1000 confocal microscope in conjunction with 
the Fluorview FV1000 software (Olympus, Tokyo, Japan).

For DAPK1 staining, DAPK1 mouse polyclonal antibody, 
clone: RB3033 (antibodies-online.com) and Alexa Fluor® 488 
phalloidin was used for selective labeling of F-actin. After over-
night staining with primary antibody, slides were washed and 
incubated with Rabbit IgG-TRITC antibody (Sigma-Aldrich). 
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Images were acquired using a Zeiss Axio Observer. Z1 inverted 
microscope, equipped with Apotome filter and Axiocam MRm 
camera detection system Zeiss using a 63×/1.25 oil Plan/neofluar 
objective.

Transmission electron Microscopy
Stimulated D1 cells were harvested from the suspension plate 
with 2  mM EDTA in PBS and washed with 0.2  M sodium 
cacodylate buffer (pH 7.4). Cells were then fixed in cacodylate 
fixative buffer (0.1  M sodium cacodylate, 2% paraformal-
dehyde, and 3% gluteraldehyde) overnight at 4°C. The cells 
were then washed with 0.2  M sodium cacodylate buffer and 
dehydrated on an alcohol series (30, 50, 70, 80, 90, and 100%) 
for 15 min each. Specimens were then embedded into acrylic 
resin. Ultrafine sections were obtained by cutting into the 
resin specimens with a glass blade on an ultramicrotome, and 
mounted on nickel grids. The grids were then washed with PBS 
and then stained with antibodies LRRK2 rabbit monoclonal 
antibody clone: MJFF2 (Epitomics, Abcam, Cambridge, UK) 
and purified anti-mouse CD107a (LAMP-1) clone: 1D4B 
(Biolegend, San Diego, CA, USA), followed by secondary 
antibodies that have been conjugated with either 5 or 15 nm 
gold particles (Cytodiagnostics, Burlington, ON, Canada). All 
antibody incubations were done in PBS containing 1% bovine 
serum albumin. After antibody staining, grids were post-fixed 
with cacodylate fixative buffer for 15  min, and then stained 
with 2% uranyl acetate. Micrographs were taken with an EM 
208 transmission electron microscope (Phillips, Amsterdam, 
Netherlands).

graphs and statistics
Statistical significance of experiments was determined either 
by Student’s t-test, one-way ANOVA, or two-way ANOVA as 
indicated. For statistics generated by one-way ANOVA, the 
differences between individual groups were compared using 
the Bonferroni’s Multiple Comparison post-test. All graphs and 
statistics were generated using the Graphpad Prism® software 
version 6.0 (Graphpad Software, La Jolla, CA, USA).

Flow cytometry analysis
At 16 h post-silencing, BMDCs were treated with Aspergillus RFP 
swollen conidia (ratio of 1:1) for 1  h. BMDCs were collected, 
washed twice with FACS buffer, stained with CD11c-Alexa Fluor 
700® (BD) and analyzed by flow cytometry. Data (mean ± SD) 
represent three independent experiments in which technical 
triplicates of 100,000 cells per sample were acquired using a 
Fortessa cytometer (BD). Phagocytosis was calculated using 
flow cytometry analysis (described above). The percentage of 
phagocytosis equals the number of BMDCs that have engulfed 
RFP A. fumigatus.

Time lapse Video
Bone marrow-derived dendritic cells grown in 48-well plates 
were exposed with shRNA RUBICON or scramble overnight. 
Cells were then treated with Aspergillus swollen conidia for 1 h. 
Time-lapse imaging was performed over a period of 1  h with 
a 40× objective using the time-lapse function of the EVOS FL 

Auto Imaging System with the Invitrogen™ EVOS™ Onstage 
Incubator.

resUlTs

lrrK2 is expressed in Dcs and is 
regulated during A. fumigatus infection
Leucine-rich repeat kinase 2 is known to regulate NFAT 
translocation in response to TLR ligands (15). Since, we have 
previously shown that A. fumigatus swollen conidia, more than 
ungerminated conidia, induces Ca2+/NFAT/IL-2 pathway in DCs 
(20), here we went to study the regulation of LRRK2 in response 
to fungal infection. First, we measured LRRK2 expression at the 
mRNA and protein level in D1 cells at resting state as well as in 
D1 cells stimulated with swollen conidia. We found that at resting 
state, DCs express LRRK2 on both the mRNA (Figure 1A) and 
the protein level (Figure  1B). Upon stimulation with swollen 
conidia, LRRK2 levels were found to be downregulated on both 
the mRNA as well as the protein level. At 8 h post-stimulation, 
downregulation of LRRK2 on the gene level was found to be statis-
tically significant, while LRRK2 protein levels decreased further 
significantly (8 h 0.217 ± 0.1). The downregulation of LRRK2 was 
further maintained on protein level at 18 h (0.373 ± 0.2), and on 
gene expression at 24 h post-stimulation, showing that Aspergillus 
is able to influence Lrrk2 gene expression on both transcriptional 
and translational level. Interestingly, the downregulation of 
LRRK2 in DCs responding to Aspergillus swollen conidia cor-
responded to the upregulation of NFAT1 translocation (Figure 
S1A in Supplementary Material) and IL-2 production (Figure S1B 
in Supplementary Material).

lrrK2 intracellular localization
It has been reported that LRRK2 is degraded in lysosomes (23). 
In order to understand the subcellular localization of LRRK2 in 
DCs, lysosomes and early endosomes were enriched from D1 
cells by gradient centrifugation protocol (22), and the protein 
content of the fractions enriched with these organelles were 
analyzed by western blot (Figure  2A). Fraction (lane 1) was 
harvested and further centrifuged (lane 2), which was nega-
tive for the nuclear marker, TBP, indicating that there was no 
contamination with nuclear material. We found that LRRK2 
was present in fractions that expressed lysosomal-associated 
membrane protein 1 (LAMP-1) and Rab5, which are markers 
for lysosomes and early endosomes, respectively. This is in 
line with what was already reported (24, 25). In addition, by 
electron microscopy, lysosomes were LAMP-1 positive, spheri-
cal, enclosed by one membrane, with a diameter of 70–150 nm, 
homogenous and electron-dense interior. Endosomes were 
LAMP-1 negative and poorly electron-dense (Figure  2B). 
Interestingly, LRRK2 (Figure 2C) was found localized also on 
endosomic structures. In addition, as endosomes have been 
proposed to be signaling hubs, where components of signal-
ing pathways can localize and interact (26), the localization 
of LRRK2 on endosomes implies that the endosomes serve as 
a possible niche were NFAT signaling pathway is kept under 
control.
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FigUre 2 | Leucine-rich repeat kinase 2 (LRRK2) is localized on lysosomes 
and endosomes of dendritic cells. (a) Western blot analysis of presence of 
TATA binding protein, Rab5, LRRK2, and LAMP-1 in a representative protein 
fraction obtained from the enrichment of lysosomes from D1 cells. Lysate from 
the protein fraction was run on both sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (PAGE) and NuPAGE® to probe for the proteins indicated. 
Data are representative of three independent experiments (b–c), D1 cells 
were processed for immune-electron microscopy, stained for LAMP-1 or 
LRRK2, and labeled with appropriate secondary antibodies conjugated with 5 
or 15 nm gold particles (size of particles indicated in superscript). Lysosomic 
and endosomic structures are as indicated. Electron micrographs of D1 cells 
show LAMP-1 positive lysosome (b), as well as endosomic structures positive 
for LRRK2 (c). Size of scale bars are as indicated.

FigUre 1 | Leucine-rich repeat kinase 2 (LRRK2) is expressed in dendritic cells and is downregulated by Aspergillus fumigatus. (a) LRRK2 mRNA in D1 cells. Data 
is displayed as the mean gene expression ± SD of two biological replicates and normalized to the housekeeping protein, GAPDH. Differences found to be 
statistically significant by one-way ANOVA with Bonferonni’s Multiple Comparison post-test are indicated (NS, non-significant; ****, p < 0.0001). (b) Protein 
expression level of LRRK2 in whole cell lysates of D1 cells stimulated with A. fumigatus condia and swollen conidia. For densitometry analysis, band densities for 
LRRK2 were normalized to the band density of the housekeeping protein, GAPDH, after which the density of the LRRK2 band of the treated sample was compared 
with that of the untreated sample. Data is representative of three independent experiments. Abbreviations used: Untreated (Unt); A. fumigatus conidia (A-con);  
A. fumigatus swollen conidia (A-sw).
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A. fumigatus swollen conidia activate  
the non-canonical autophagic Pathway  
in Dcs
Lysosomes are known to be involved in the maturation of 
autophagic vesicles. Given that autophagy is activated by β-glucan 
(27) and A. fumigatus (28, 29), we investigated autophagy in D1 
cells stimulated with Aspergillus swollen conidia in order to 
establish a possible role of the autophagic response in the regula-
tion of the NFAT1 translocation. D1 cells stimulated with swollen 
conidia showed the formation of LC3-positive phagosomes [LC3 
associated phagocytosis (LAPosome)] (Figure 3A) similar to that 
induced by β-glucan (27) and A. fumigatus (30) in other studies, 
although germinated A-sw conidia were only partially engulfed. 
Indeeed, by electron microscopy, it was clear that the resulting 
membrane cupping was not formed by the double-membranes 
characteristic of classical autophagy (Figure  3B) as previously 
shown (30). Although images (Figure  3B) show partial fungal 
internalization, time-lapse imaging of DCs demonstrates 
the bright field on the EVOS FL Auto Cell Imaging System a 
complete process of phagocytosis (Supplementary Video S1 in 
Supplementary Material). Taken together, the observations from 
immunofluorescent staining of LC3 and electron microscopy 
indicate that the autophagic response induced by A. fumigatus 
swollen conidia in DCs is non-canonical, as reported for conidia 
(31). LC3-I to LC3-II conversion and higher LC3-II turnover 
was indeed observed in A. fumigatus-stimulated DCs, and p62 
was not degraded (Figure  3C; Figure S1C in Supplementary 
Material). Our results indicate that swollen conidia induce non-
canonical autophagy in DCs. In addition, we found that there 
was an increase of subcellular multivesicular structures present 
in DCs stimulated with swollen conidia as revealed by electron 
microscopy. Multivesicular structures express LAMP-1 as well as 
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FigUre 3 | Continued
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FigUre 3 | Aspergillus fumigatus swollen conidia activate non-canonical autophagy and the formation of multivesicular bodies in dendritic cells. D1 cells were 
stimulated with A. fumigatus swollen conidia for 3 h. (a) Immunofluorescent staining of LC3 (red). Data is representative of two independent experiments.  
(b) Electron micrograph of Aspergillus cupping. The bottom panel is zoomed in from the area indicated in the top panel. Data is representative of two independent 
experiments. (c) Expression of LC3 and p62 proteins by western blot in whole cell lysates of D1 cells stimulated for 24 h with A. fumigatus swollen conidia. 
Densitometry for LC3 was performed on the LC3-II band to measure LC3-II turnover, while densitometry analysis of p62 was done on the upper band corresponding 
to its expected molecular weight of 60kD. Data is representative of two biological replicates. (D) Multilamellar bodies (encircled in yellow dashed lines) observed by 
electron microscopy in A. fumigatus swollen conidia-stimulated D1 cells and labeled for LAMP-1 or Leucine-rich repeat kinase 2 with 5 nm or 15 nm gold particles 
(size of particles indicated in superscript). Cells were incubated with fungi for 3 h. Size of scale bars are as indicated. Abbreviations: Untreated (Unt); A. fumigatus 
swollen conidia (A-sw).

Wong et al. LRRK2 Controls DC Non-Canonical Autophagy

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 210

LRRK2 (Figure 3D). These structures are lysosomal organelles 
comprising of multiple concentric layers of membrane, that 
have been shown to require autophagy for its formation (32). 
Therefore, taking into account our findings, the germinated form 
of Aspergillus is able to trigger the non-canonical autophagic 
response together with formation of multivesicular structure 
formation LRRK2+ in DCs.

ca2+/nFaT/il-2 axis is affected by early 
autophagic events, Phagocytosis, and 
lysosomal Maturation
Based on the previous findings, two types of autophagy inhibitors, 
3MA and Baf were used to investigate whether NFAT1 transloca-
tion is mediated by the autophagic response to A. fumigatus. As 
the initiation of autophagosome formation requires Class III PI3 
kinase activity, 3MA, a PI3 kinase inhibitor, functions by inhibit-
ing autophagy in the early stages of its initiation. Baf inhibits the 
last step of autophagosome cargo degradation by preventing the 
autophagosome–lysosome fusion as well as lysosome acidification 
(33). We found that NFAT1 translocation and IL-2 cytokine pro-
duction in DCs stimulated with Aspergillus germinated conidia 
were significantly decreased upon inhibition of the early stages of 
autophagy by 3-MA, but not with an inhibitor of the late stage of 
autophagy, Baf (Figure 4A). In addition, NFAT pathway in stimu-
lated DCs was also significantly decreased when cells were treated 
with the phagocytosis inhibitor, CytoD (Figure 4B). DCs were also 
treated with a combination of Leupeptin and ammonium chloride 
(Leu/A) to inhibit lysosomal maturation by preventing acidifica-
tion, and it was observed that NFAT1 translocation increased, 
while IL-2 production unexpectedly decreased in drug-exposed 
DCs in response to fungi (Figure  4C). In order to understand 
whether those variations were due to a reduced cell viability, we 
performed the MTT proliferation assay on all the conditions 
tested above (Figure  4D). Pivotally, cells were not affected in 
terms of viability by the different treatments (Figure 4D).

Finally, since more recently, non-canonical autophagy, also 
defined as LAP, has been extensively described for infection with 
A. fumigatus (29, 31), we performed shRNA of the main key play-
ers (Rubicon, Nox2, Atg7) of LAP on D1 cells upon Aspergillus 
treatment and we went to analyze IL-2 transcription as a key 
response downstream of NFAT translocation (Figure 4E; Figure 
S2 in Supplementary Material). Results here indicate that shRNA 
of Rubicon and Nox2 mRNA, lead to a significant decrease of 
IL-2 transcription upon A-sw stimulation. Together, the results 
show that early events that occur after fungal stimulation, such 
as phagocytosis and the early part of the autophagy pathway, 

are important in the activation of the NFAT pathway, but not 
late-stage autophagy. Moreover, inhibition of LAP is particularly 
interfering NFAT translocation in DCs although shRNA of 
Rubicon is not affecting the phagocytosis process (Figure S3 in 
Supplementary Material). Thus, the induction of non-canonical 
autophagy as well as the downregulation of LRRK2 expression in 
A. fumigatus-stimulated DCs raises the possibility of autophagy 
being responsible for the degradation of LRRK2, resulting in the 
activation of NFAT1. This is further supported by the presence 
of LRRK2 in lysosomic-endosomic structures (Figure 2C) and 
multilamellar bodies (Figure 3D).

lrrK2 Deficiency in Dcs leads to 
increased nFaT/il-2 activation axis  
in response to A. fumigatus
Since LRRK2 has been reported as a negative regulator of the 
NFAT pathway (15), we used LRRK2 −/− BMDCs (Figure S4 in 
Supplementary Material) to measure IL-2 release as well as other 
two cytokine regulated by NFAT in DCs (34) upon Aspergillus 
germinated spore stimulation. LRRK2−/− BMDCs showed a 
significant increase in IL-2 production when stimulated with 
Aspergillus swollen conidia at 8, 18, and 24 h, while cytokine as 
IL-12/IL-23p40 was significantly increased only at 8 h and IL-23 
did not show significant changes (Figure 5A). More interestingly, 
stimulated NFAT-luciferase reporter D1 cells, upon silencing with 
LRRK2 shRNA and exposed to A-sw showed that NFAT nuclear 
translocation was also significantly increased (Figure  5B). In 
these settings, IL-2 was also increased upon A-sw stimulation 
(data not shown). Therefore, LRRK2 regulates the NFAT path-
way in response to the fungus Aspergillus. Consequently, LRRK2 
deficiency may disentangle a possible dysregulation of the NFAT/
IL-2 cascade in response to the germinated fungus Aspergillus.

The independent role of lrrK2  
in regulating the nFaT/il-2 axis  
in Aspergillus-stimulated Dcs
It has been reported that LRRK2 physically associates with the 
NRON complex, and that NRON was important for mediating 
the regulation of NFAT1 nuclear translocation by LRRK2 (15), 
hence the expression of four members of the NRON complex; 
NRON, PPP2R1A, CSE1L, and SPAG9 was investigated in DCs in 
response to Aspergillus swollen conidia. Gene expression analysis 
shows that components of the NRON complex are expressed in 
DCs, and are negatively regulated by fungal exposure (Figure S5A 
in Supplementary Material). On the protein level, the expression 
of the NRON complex components, including PPP2R1A, CSE1L 
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FigUre 4 | Ca2+-NFAT-IL-2 axis is affected by early autophagic events, phagocytosis and LAP. nuclear factor of activated T cells translocation and IL-2 production 
of NFAT-luciferase reporter D1 cells that have been stimulated with A-sw for 6 h in the presence and absence of drugs inhibiting specific cellular processes.  
(a) Fungus-stimulated D1 cells in the presence and absence of the type III Phosphatidylinositol 3-kinase inhibitor 3MA, 10 mM, or the vacuolar H + ATPase inhibitor, 
Baf (50 nM), which inhibits the early and late stage of autophagy respectively. (b) Fungus-stimulated D1 cells in the presence or absence of the phagocytosis 
inhibitor, CytoD (2 µg/mL). (c) D1 cells stimulated with fungi in the presence or absence of the lysosomal acidification inhibiting combination of Leu/A. Data is 
displayed as the mean ± SD of five (in the case of Leu/A) or eight biological replicates. (D) Viability of D1 cells treated with fungus, drugs, or a combination of the 
both. (e) mRNA expression of IL-2 in D1 cells silenced for various mRNA regulating LAP in the presence or absence of A. fumigatus swollen conidia. Data is 
displayed as means ± SD of three biological replicates. Differences found to be statistically significant by one-way ANOVA with Bonferroni’s Multiple Comparison 
post-test are indicated (NS, non-significant; ***, p < 0.001; ****, p < 0.0001). Abbreviations: Untreated (Unt); A. fumigatus swollen conidia (A-sw); Vehicle non-
treated control (NT); 3-methyladenine (3MA); Bafilomycin (Baf); Cytochalasin D (CytoD), combination of Leupeptin and ammonium chloride (Leu/A).
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and SPAG9, could also be detected at basal level. Interestingly, 
Aspergillus-stimulated D1 cells showed marked downregulation 
of the PPP2R1A protein (Figure S5B in Supplementary Material). 
Altogether, this shows that Aspergillus by inducing phagocytosis 
and LAP may also influence the expression of other compo-
nents of the NRON complex as for LRRK2 in DCs. In order to 
investigate whether the NRON complex in DCs was affecting 

the NFAT/IL-2 axis as shown for LRRK2, D1 cells were knocked 
down for NRON, IQGAP, CSE1L, and PPP2R1A (a subunit of the 
PPP2RA protein), or SPAG9 using shRNA-containing lentiviral 
particles. Silencing efficiency was investigated and the DC clone 
was selected accordingly (Figure S6 in Supplementary Material).

Surprisingly, no increase in IL-2 release in response to 
Aspergillus stimulation from silenced D1 cells was observed as we 
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FigUre 6 | Regulation of IL-2 by NRON complex components. IL-2 cytokine 
production at 8 h post-exposure from A-sw stimulated D1 cells that were 
knocked down for NRON, sperm-associated antigen 9, PPP2R1A, or 
chromosome segregation 1-like through the use of shRNA-lentiviral particles. 
Data are displayed as the mean ± SD of three replicates. Differences 
between Aspergillus-stimulated cells found to be statistically significant  
by one-way ANOVA with Bonferroni’s Multiple Comparison post-test are 
indicated (NS, non-significant; ***, p < 0.001). Abbreviations: Untreated  
(Unt); A. fumigatus swollen conidia (A-sw).

FigUre 5 | Leucine-rich repeat kinase 2 (LRRK2) deficiency in dendritic cells 
(DCs) leads to increased IL-2 production and nuclear factor of activated 
T cells (NFAT) translocation in response to Aspergillus fumigatus. (a) IL-2, 
IL-12/IL-23p40, and IL-23 cytokine production of wild-type (closed circles) 
and LRRK2−/− (open circles) bone marrow-derived DCs in response to fungal 
stimulation with A. fumigatus swollen conidia. Data is displayed as the mean 
cytokine concentration ± SD of two biological replicates and statistical 
significance determined by one-way ANOVA with Bonferroni’s Multiple 
Comparison post-test. (b) NFAT translocation measured by luminescence 
signal in A-sw-stimulated NFAT-luciferase reporter D1 cells upon LRRK2 
silencing. Data is displayed as the mean luminescence signal ± SD of three 
biological replicates and statistical significance determined by Student’s 
t-test. Differences found to be statistically significant are indicated  
(*, p < 0.05; **, p < 0.01; ****, p < 0.0001). Abbreviations: Untreated (Unt);  
A. fumigatus swollen conidia (A-sw).
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found in LRRK2 deficiency. Interestingly, other cytokines involved 
in DC response to infections as IL-1β, IL-6, IL12/IL-23p40, IL-22, 
IL-23, and TNFα are differently affected by silencing the NRON 
complex components (Figure S7 in Supplementary Material). 
Regarding IL-2, only knocking down of SPAG9 led to a decrease 
of IL-2 production by DCs (Figure 6).

Finally, since recently, a mechanism by which inflammation 
is regulated during LAP through the death-associated protein 
kinase 1 (DAPK1) has been described in macrophages (31), 
we investigated a possible cross-regulation between these two 
proteins during LAP. Moreover, Dapk1 and Lrrk2 are both 
target genes of IFN-γ in myeloid cells (10, 35). Therefore, we 
have analyzed DAPK1 expression in DCs (Figures  7A,B), and 
we found that DAPK1 protein level increases in response to 
A-sw (Figure 7A) differently from LRRK2 in DCs (Figure 1A). 
However, DCs treated with LRRK2 shRNA (Figure 7C), do not 
show any significant differential expression of Dapk1 (Figure 7D) 
as well as DAPK1 shRNA treated DCs show similar Lrrk2 expres-
sion than Ctrl shRNA (data not shown). In conclusion, our results 
underline a more prominent and independent (from NRON 
components) role of LRRK2 in regulating the NFAT1 transloca-
tion to the nucleus and in regulating IL-2 cytokine release in DCs 
(Figure S8 in Supplementary Material).

DiscUssiOn

Leucine-rich repeat kinase 2 was first discovered to play a role in 
Parkinson’s disease (2), and it has been shown to be involved in 
various signaling pathways and cellular processes. In addition, 
LRRK2 is genetically associated with other inflammatory diseases 

(15, 36, 37) and modulated in inflammation by PAMPs (10, 15). 
Also, LRRK2 was reported to be a negative regulator of the NFAT 
pathway in BMDMs (15), activated downstream of Dectin-1 by 
fungi (18). Interestingly, LRRK2 has been investigated recently 
in immune response to pathogens (10, 17). However, as of now 
the role of LRRK2 protein in fungal immunity has not been 
explored.

In support of the observations of Liu et al. (15), our study here 
demonstrates that LRRK2 is indeed involved as a negative regula-
tor of the NFAT pathway in DC response to fungi.

At resting state in DCs, we found that LRRK2 localizes 
to endosomes, accordingly to recent studies, where LRRK2 
interaction with the endocytic network have been recently 
demonstrated (24, 38, 39). Liu et al. (15) reported LRRK2 to be 
bound to 5 of the 11 proteins of the NRON complex. In view of 
these reports, the localization of LRRK2 and possibly also other 
NRON complex components to endosomes at steady state could 
serve to regulate NFAT, and this is possibly accomplished by 
sequestering it at the endosomal membrane.

In this study, four components, including NRON, PPP2R1A, 
CSE1L, and SPAG9 of the NRON complex were also investigated, 
and it was found that expression levels of NRON and PPP2R1A in 
particular, were downregulated in DCs in response to Aspergillus 
stimulation as LRRK2. This is in line with what has been reported 
that the NRON complex, together with LRRK2, mediates NFAT 
translocation regulation (15) since a downregulation of NRON 
complex components would likely lead to a dissociation of this 
regulatory complex. A knockdown of these components was 
carried out to investigate whether other than LRRK2 other com-
ponents may affect NFAT nuclear translocation in DCs. IL-2 pro-
duction from Aspergillus-stimulated DCs knocked down for any 
of these components was found not to be significantly affected, 
or was decreased as in the case when SPAG9 was knocked down. 
This indicates that perhaps NRON, PPP2R1A, and CSE1L alone 
are not sufficient to regulate the NFAT/IL-2 axis. SPAG9, on the 
other hand, individually could be positively regulating the NFAT/
IL-2 axis, rather than inhibiting it.
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FigUre 7 | Death-associated protein kinase 1 (DAPK1) expression during LAP is not controlled by Leucine-rich repeat kinase 2 (LRRK2). (a) Protein expression of 
DAPK1 in A. fumigatus swollen conidia-stimulated D1 cells. For densitometry analysis, band densities for DAPK1 were normalized to the band density of the 
housekeeping protein, β-actin, after which the density of the DAPK1 band of the treated sample was compared with that of the untreated sample. Data are 
representative of three independent experiments. (b) Immunofluorescent stanining of DAPK1 and brightfield microscopy of Aspergillus fumigatus swollen 
conidia-stimulated D1 cells. Signal intensity of the DAPK1 was quantified and displayed as mean fluorescence signal ± SD of three biological replicates. Brightfield 
imaging of the same cell is displayed with arrows indicating the presence of A. fumigatus swollen conidia in the cell. (c) Knockdown of LRRK2 in D1 cells was 
assessed by western blot. Data are represented as mean ± SD of three biological replicates and statistical significance determined by two way ANOVA (D) mRNA 
expression of DAPK1 in fungal-treated D1 cells that have been silenced for LRRK2. Data are displayed as the mean mRNA expression ± SD of three biological 
replicates and statistical significance determined by two way ANOVA. Differences found to be statistically significant are indicated (*, p < 0.05; **, p < 0.01). 
Abbreviations: A. fumigatus swollen conidia (A-sw); Untreated (Unt); D1 cells transduced with non-targeting control shRNA (Ctrl).
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More interestingly, the individual components of the NRON 
complex were regulating DC cytokine response differently, 
implying that they may not work in concert.

For SPAG9, CSE1L, and PPP2R1A, besides being known 
to be part of the NRON complex (15, 40), their reported 
functions were not originally concerning the immune system. 
SPAG9 has been proposed as a biomarker for diagnosis in 
carcinoma of the breast (41), endometrium (42), cervix (43), 
thyroid (44), and colon (45), and has been proposed to be 
involved in the tumorogenesis and growth. CSE1L is a nuclear 

exportin protein that is involved in the cell cycle, and SPAG9 
has also been associated with various carcinomas [as reviewed 
in Behrens et al. (46)]. PPP2R1A is a subunit of protein phos-
phatase 2A (PP2A). PP2A has been implicated in meiosis and 
mitosis in numerous studies (47, 48) and is currently being 
explored as a treatment target for pancreatic cancer (49). 
More related to the context of this study, PP2A proteins have 
been shown to interact with signaling pathways, such as the 
TLR-TRIF signaling (50), Ras signaling (51), as well as Ca2+/
Calmodulin-dependent protein kinase B/Akt (52). In relation 
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to neurological disorders, PP2A has been suggested as a pos-
sible treatment target for neurological disorders Alzheimer’s 
disease (53) and has been recently implicated in Tau pathology 
of Parkinson’s disease (54). This study hints that the function 
of SPAG9, CSE1L, and PPP2R1A may also be related to the 
immune response to pathogens.

It has been shown that LRRK2 localizes to lysosomes and 
can be degraded by CMA in neurons (23). In a similar way, this 
study here shows that LRRK2 is localized to endosomes and lys-
osomes in steady state DCs, and that Aspergillus is able to induce 
a non-canonical type of autophagy in DCs that is reminiscent of 
LC3-positive phagosomes, previously reported (27, 30, 31, 55).

The use of transmission electron microscopy allowed the 
observation of LRRK2-positive multilamellar body formation in 
Aspergillus-stimulated DCs, further strengthening the connection 
of LRRK2 with lysosomes and autophagy. Multilamellar bodies 
are reported to be part of the lysosomal pathway and its formation 
is dependent on autophagy and lysosomal degradation (32), and 
the localization of LRRK2 to these structures is supported by what 
has been previously reported in cultured human cells (25).

Interestingly, GSK3-β, a protein involved in phosphorylating 
NFAT, has also been shown to localize to the endosomal mem-
brane and this is thought to serve to isolate it from interaction 
with other signaling components (26).

How the NFAT pathway is influenced by the events following 
the engagement of Dectin-1 by Aspergillus in DCs was also inves-
tigated here. The dependency of phagocytosis on IL-2 production 
in response to particulate β-glucan in DCs has been previously 
demonstrated (19), hence in this study the finding that the NFAT/
IL-2 axis in response to Aspergillus is also dependent on this cel-
lular process was expected. What was interesting was that early, 
but not late autophagic events are also required to activate the 
NFAT/IL-2 pathway.

Autophagy also occurs in macrophages, and with this respect 
Ma et  al. (27) and Kyrmizi et  al. (30) have both demonstrated 
that the formation of LC3-positive phagosomes also occur in 
macrophages incubated with fungi, and that the recruitment 
of LC3 is important for macrophage signaling and function in 
response to fungi. In particular, Kyrmizi, Gresnigt (30) show that 
the recruitment of LC3 is needed for macrophage ROS produc-
tion and killing of Aspergillus spores.

In this study, we have also evaluated whether DAPK1 may 
contribute to regulating LRRK2 function (and vice  versa), since 
both are regulated during LAP and concur to the regulation of the 
inflammatory response during fungal LAP. To this purpose, we have 
resorted to shRNA of LRRK2 and analyzed DAPK1 expression.

To conclude, our study has shown that DCs express LRRK2 
and that it negatively regulates the NFAT pathway activated in 
response to Aspergillus. Upon Aspergillus binding to Dectin-1 
in DCs, non-canonical autophagy, as well as multilamellar body 
formation is triggered. Taking into account the findings of pre-
viously published reports, the sequestration of LRRK2 in the 
multilamellar bodies could lead to the dissociation of the NRON 
complex. Therefore, the role of the NRON complex in immune 
response of DCs to Aspergillus has been shown to be more com-
plex than previously thought, and their interaction with other 
signaling pathways activated in the immune response will add 

a new dimension to their currently known cellular functions. 
Given that DCs have an important role in the immune system as 
antigen presenting cells and initiating the appropriate adaptive 
immune response, future in  vivo studies could elucidate better 
the immunological function of LRRK2 and the NRON complex 
eventually in T cell priming. The knowledge obtained from such 
studies not only sheds light on the control of the NFAT pathway, 
but also could have implications in other diseases associated with 
LRRK2, such as Crohn’s disease, IBD, and Parkinson’s disease.
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Aspergillus fumigatus is the main cause of invasive fungal infections occurring almost 
exclusively in immunocompromised patients. An improved understanding of the initial 
innate immune response is key to the development of better diagnostic tools and new 
treatment options. Mice are commonly used to study immune defense mechanisms 
during the infection of the mammalian host with A. fumigatus. However, little is known 
about functional differences between the human and murine immune response against 
this fungal pathogen. Thus, we performed a comparative functional analysis of human 
and murine dendritic cells (DCs), macrophages, and polymorphonuclear cells (PMNs) 
using standardized and reproducible working conditions, laboratory protocols, and 
readout assays. A. fumigatus did not provoke identical responses in murine and human 
immune cells but rather initiated relatively specific responses. While human DCs showed 
a significantly stronger upregulation of their maturation markers and major histocom-
patibility complex molecules and phagocytosed A. fumigatus more efficiently compared 
to their murine counterparts, murine PMNs and macrophages exhibited a significantly 
stronger release of reactive oxygen species after exposure to A. fumigatus. For all studied 
cell types, human and murine samples differed in their cytokine response to conidia or 
germ tubes of A. fumigatus. Furthermore, Dectin-1 showed inverse expression patterns 
on human and murine DCs after fungal stimulation. These specific differences should 
be carefully considered and highlight potential limitations in the transferability of murine 
host–pathogen interaction studies.

Keywords: murine model, humans, Aspergillus fumigatus, innate immune response, fungal infection

inTrODUcTiOn

Humans inhale hundreds of airborne fungal spores daily, including spores from the saprophytic 
mold Aspergillus fumigatus, which is ubiquitous in the environment. While the fungus rarely 
causes diseases in healthy individuals, disorders of the immune system are associated with a 
wide spectrum of Aspergillus-related diseases (1). Overshooting immune response to the fungus 
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can lead to hypersensitivity syndromes such as allergic bron-
chopulmonary aspergillosis, whereas invasive aspergillosis (IA) 
is a major cause of morbidity and mortality in immunocompro-
mised patients.

The mammalian immune system, evolving under continuous 
exposure to airborne fungal spores, possesses a vast arsenal of 
strategies to combat invading fungi including mediating toler-
ance to commensals and limiting hyperinflammation to prevent 
tissue damage. In the absence of an effective immune response, 
Aspergillus conidia swell and become invasive by germinating 
into the lung tissue and entering the blood stream. Alveolar 
macrophages act as the first line of defense in the airways by 
phagocytosis of conidia and secretion of pro-inflammatory 
cytokines and reactive oxygen species (ROS) (2). Neutrophil 
granulocytes [polymorphonuclear cells (PMNs)] also play a 
major role in the early immune defense against IA, as they are 
able to prevent germination and kill fungal hyphae through the 
release of ROS, phagocytosis, or formation of neutrophil extra-
cellular traps. Dendritic cells (DCs) represent an important 
bridge between innate and adaptive immunity as they process 
fungal antigens and subsequently stimulate specific T-cells via 
antigen-presentation by major histocompatibility complex 
(MHC) I and II molecules. They also orchestrate the immune 
response by secreting an array of pro- and anti-inflammatory 
cytokines. Stimulation of pattern recognition receptors (PRRs), 
such as toll-like receptors (TLR)-2 and -4 (3) and the Dectin-
1-receptor, is crucial to the activation of these immune cell 
subsets (4).

Detailed insights into the pathophysiology of the infection 
and mechanisms of the host–pathogen interaction are urgently 
needed to facilitate development of new prophylactic and 
therapeutic tools and strategies. Due to their easy accessibility, 
relatively short generation time, and availability of genetically 
defined strains, mouse models are commonly used to characterize 
the interaction of A. fumigatus with the mammalian host in vivo 
and to evaluate novel therapeutic strategies. There is, however, 
increasing evidence of major functional differences between the 
human and murine immune systems, indicating limited applica-
tion of data obtained in studies employing murine cells or models 
(5, 6). On one hand, the composition of the murine leukocyte 
repertoire differs from that of humans; in mice only 7–28% of 
peripheral blood leukocytes are PMNs in contrast to 35–70% 
in human blood (7). On the other hand, functional differences, 
such as the sequence of participating immunological cells after 
antigen challenge as well as the dose of antigen needed to initiate 
immunological reaction in delayed type hypersensitivity have 
been described (5).

So far, little is known about functional differences in the 
human and murine immune defense against A. fumigatus. Thus, 
this study sought to provide a comparative functional assess-
ment between human and murine innate immune cell subsets 
routinely employed in host–pathogen interaction studies (8–13). 
Our data demonstrate that mice and men which differ in their 
size, habitat, lifespan, genome size, and blood composition 
possess principle differences in how selected innate immune 
cell populations specifically interact with the pathogenic mold  
A. fumigatus.

MaTerials anD MeThODs

Fungal strains and cultivation conditions
Aspergillus fumigatus strain American Type Culture Collection 
46645 was incubated on beer wort agar (Institute of Hygiene 
and Microbiology, University of Wuerzburg, Germany) for 72 h 
at 37°C. Conidial suspensions were prepared by rinsing plates 
with sterile water and filtered through a 40-µm cell strainer 
(BD Falcon™ Cell Strainer, BD Biosciences). To generate germ 
tubes, 1 × 108 resting conidia were inoculated in Rosewell Park 
Memorial Institute (RPMI) 1640 Medium (Life technologies) and 
cultured at 37°C until the germ tubes reached a length of about 
10–30  µm. To preserve fungal morphotypes during coculture 
experiments, conidia and germ tubes were inactivated with 100% 
ethanol (Sigma) for 30 min, washed five times with sterile water, 
and stored in RPMI at −20°C. For time-lapse microscopy red 
fluorescent A. fumigatus conidia and germ tubes were generated 
as described before (9).

isolation and culture of human and 
Murine immune cells
Dendritic Cells
Peripheral blood mononuclear cells were isolated from leu-
kocyte concentrates from healthy human donors (Institute of 
Transfusion Medicine, University Hospital of Wuerzburg) by 
Ficoll (Biochrome) density centrifugation. After positive magnetic 
selection of CD14+ cells (CD14 MicroBeads, Miltenyi Biotec), 
monocytes were cultured for 5 days in RPMI 1640 medium sup-
plemented with 10% fetal calf serum (FCS) (Sigma), rGM-CSF 
(100 ng/ml, Bayer), and rIL4 (10 ng/ml, Miltenyi Biotec) (9).

Murine bone marrow derived dendritic cells (BMDCs) were 
generated as described before (14). Briefly, bone marrow from 
healthy mice was harvested and cultured in R10-medium (RPMI 
1640) (GIBCO BRL) with 100 U/ml Penicillin (Sigma), 100 µg/
ml Streptomycin (Sigma), 2 mM l-glutamine (Sigma), 50 µM 
2-mercaptoethanol (Sigma), 10% FCS (PAA), and 200  U/ml  
rmGM-CSF (Reprotech/Tebu) for 6  days. The non-adherent 
cells were harvested and cultured in R10-medium without 
cytokines.

Polymorphonuclear Cells
To isolate human PMNs anticoagulated blood from healthy 
human donors was layered on a polysaccharide gradient (Poly-
morphprep, Axis Shield). After 30 min of centrifugation (500g), 
the PMN interphase was harvested and pelleted for 5 min at 300g. 
Remaining erythrocytes were lysed with EL buffer (Qiagen). 
Isolation of murine PMNs, which were obtained from bone mar-
row of C57BL/6NCrl mice, was performed using the EasySep™ 
Mouse Neutrophil Enrichment Kit (Stem Cell Technologies) 
according to the manufacturer’s protocol. Both murine and 
human PMNs were cultured in RPMI 1640 Medium with  
5% FCS.

Macrophages
Human monocytes obtained from healthy subjects as described 
above were cultured in RPMI 1640 medium supplemented with 
10% FCS and rM-CSF (Immunotools) for 6 days. Only adherent 
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cells were used for experiments. To generate murine macrophages, 
bone marrow cells of healthy mice were cultured in R10-medium 
with M-CSF supernatant [mouse M-CSF (Immunotools) 
supernatant, L929] for 6 days. Adherent cells were harvested and 
suspended in R10-medium.

Time-lapse Video Microscopy
3.5  ×  104 human monocyte-derived immature dendritic cells 
(moDCs) or murine BMDCs were stimulated with 3.5  ×  105 
A. fumigatus (Afu-dTomato) conidia or germ tubes [multiplicity 
of infection (MOI) = 10]. Polystyrene beads (Sigma) were used 
as an unspecific stimulus. Image acquisition over a time period of 
3 h was performed using a Leica AF6000 time-lapse microscope 
with a picture frequency of 5/min. Image analysis was conducted 
with LAS AF lite (Leica), ImageJ1.45s (Wayne Rasband), and 
Irfan View 4.32 (Irfan Skiljan) software. For each stimulus, 
phagocytosis activity was analyzed in six independent movies, 
respectively, following moDCs or BMDCs over a time period 
of 3  h by separately counting phagocytosed and extracellular 
particles or fungi, respectively.

Flow cytometry
Dendritic cells were stimulated with inactivated A. fumigatus 
conidia and germ tubes (MOI = 1), 100 µg/ml zymosan depleted 
[a yeast cell wall preparation, which was treated with hot alkali 
to remove all TLR-stimulating properties to selectively activate 
Dectin-1 (dZym, InvivoGen)] or 1  mg/ml lipopolysaccharid 
(LPS, Sigma) for 24  h. Subsequently, cells were harvested, 
washed, and resuspended in cold Hank’s balanced salt solution 
(HBSS, Sigma) containing 2 mM EDTA (Sigma). The following 
antibodies were used for extracellular staining: HLA-ABC-PE 
(BD Biosciences), HLA-DR-PE (BD Biosciences), CD1a-APC 
(BD Biosciences), CD14-FITC (BD Biosciences), CD80-APC 
(Miltenyi Biotec), CD86-PE (BD Biosciences), Dectin-1-PE 
(R&D) (human cells) and HLA-2Kb-FITC (BD Biosciences), 
HLA-Ia/I-E-PE (BioLegend), CD11c-APC (BioLegend), CD80-
FITC (BioLegend), CD86-PE (BD Biosciences), and Dectin-1-PE 
(R&D) [murine cells]. 5 × 105 cells were stained for 15 min at 4°C. 
Subsequently, cells were washed twice and 104 viable cells accord-
ing to FSC-SSC properties were acquired using a FACS Calibur 
(BD Biosciences) flow cytometer and CellQuest Pro software 
(version 5.2). Data were analyzed with FlowJo software (Tree Star 
Inc., Ashland, OR, USA).

rOs Quantification
Polymorphonuclear cells and macrophages were stimulated with 
inactivated A. fumigatus conidia and germ tubes (MOI  =  1), 
100  µg/ml zymosan depleted or 10  µg/ml phorbol-myristate-
acetate [the major endogenous ROS inducer in PMNs and 
macrophages (PMA, Sigma-Aldrich)]. ROS-formation in human 
and murine PMNs and macrophages was determined by ROS-
dependent CM-H2DCF oxidation (dichlorfluorescein, Sigma-
Aldrich). Excitation was performed at 485 nm, and fluorescence 
emission was detected at 535  nm (GENios microplate reader, 
TECAN). PMNs were stimulated at 37°C for 1 h and macrophages 
for 2.5 h before measuring fluorescence intensity.

Multiplex cytokine assays
Polymorphonuclear cells (2 × 106/ml), macrophages (8 × 105/ml), 
and DCs (1 × 106/ml) were stimulated with A. fumigatus conidia 
and germ tubes (MOI  =  1), zymosan depleted (100  µg/ml),  
LPS (1  µg/ml), or plain culture medium (negative control). 
Supernatants were harvested after 3  h (PMNs), 12  h (mac-
rophages), or 24  h (DCs) and stored at −20°C. Cytokine 
concentrations (IL1β, IL4, IL6, huIL8, muGroα, IL10, IL12p70, 
IL18, IL23, IP10, MCP1, MIP1α, MIP1β, TNFα) were quanti-
fied with a human and mouse 13-Plex panel assay (Affymetrix, 
eBioscience).

Fungicidal activity of PMns
Polymorphonuclear cell were isolated from whole blood of four 
healthy human donors and two mice as described above. PMNs 
were diluted in colorless RPMI + 10% FCS at a concentration of 
2 × 106/ml. 5 × 105 PMNs were seeded per well of a 24-well plate 
and 5 × 105 vital A. fumigatus germ tubes were added (MOI = 1, 
ideal MOI was determined in a preceding experiment). Control 
wells containing only PNMs or fungal cells as well as blank 
wells containing culture medium without cells were prepared. 
After 2 and 4 h of coculture at 37°C, hypotonic lysis of PMNs 
was performed by washing wells twice with 1,000 µl cold dis-
tilled water, followed by 5 min incubation on ice. Supernatants 
were carefully removed, and 200 µl HBSS supplemented with 
400  µg/ml of 2,3-bis-(2-methoxy-4-nitro-5-sulphenyl)-(2H)-
tetrazolium-5-carboxanilide [XTT (Sigma)] and 50  µg/ml of 
coenzyme (Sigma) were added. After 90  min incubation at 
37°C and centrifugation at 300g for 5 min, 100 µl supernatant 
of each well were transferred to a 96-well plate and OD450 was 
measured in a microplate reader. Fold changes of fungal XTT 
metabolism were calculated according to the following for-
mula: Fold change OD OD OD OD
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+Fungus

450

PMN

450

Fungus

45
= − / −( ) (PMN

00

Blank ).

statistics
Significance testing was performed using GraphPad Prism 7 
(Graphpad Software, Inc.) using different statistical test which 
are noted in each figure legend. Statistical significance is denoted 
as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

resUlTs

Murine neutrophils and Macrophages 
show stronger rOs release upon 
stimulation with A. fumigatus germ  
Tubes and Depleted Zymosan (dZym)
Reactive oxygen species production by human and murine neu-
trophils and macrophages cocultured with A. fumigatus conidia 
or germ tubes was quantified and compared. No significant 
induction of oxidative burst in PMNs or macrophages of either 
species was observed upon conidial stimulation. A. fumigatus 
germ tubes and dZym (binding exclusively to dectin-1) led to 
significantly higher ROS release by murine PMNs (Figure 1A) 
and macrophages (Figure 1B). By contrast, human PMNs and 
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FigUre 2 | Aspergillus fumigatus germ tubes and depleted zymosan (dZym) 
trigger strong pro-inflammatory cytokine release by murine neutrophils. 
Murine or human neutrophils were stimulated with A. fumigatus conidia, germ 
tubes, dZym or PMA for a period of 3 h. Subsequently, cytokine 
concentrations in the culture medium were determined by 13-plex cytokine 
assays. PMNs obtained from three human donors (white bars) and three 
mice (black bars) were assessed. Mean concentrations of IL8/Groα (a), IL6 
(B), IL10 (c), MIP1α (D), MIP1β (e), and TNFα (F) are shown. Error bars 
indicate standard deviations. Significance was calculated as difference to 
unstimulated with ANOVA and Tukey post-test (stars above of bars) as well 
as between human and mouse specimens with unpaired t-Test.

FigUre 1 | Murine polymorphonuclear cells (PMNs) and macrophages 
exhibit a stronger reactive oxygen species (ROS) response to Aspergillus 
fumigatus germ tubes and depleted zymosan (dZym). Human and 
murine PMNs (a) or macrophages (B) were stimulated with A. fumigatus 
conidia (con), germ tubes (gt), dZym, or phorbol 12-myristate 13-acetate 
(PMA). ROS production was measured by a dichlorfluorescein-based 
assay. Mean fold changes of relative fluorescence units after 2 (PMNs) 
and 3 h (macrophages) are shown. Seven human and three murine 
samples were analyzed. Significance was calculated as difference to 
unstimulated with ANOVA and Tukey post-test (stars above of bars) as 
well as between human and mouse specimens with unpaired t-Test, 
Error bars indicate SDs.
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macrophages released significantly more ROS after stimulation 
with the major endogenous ROS inducer PMA.

Murine PMns exert stronger and  
Broader Pro-inflammatory cytokine 
response to A. fumigatus germ  
Tubes and dZym
Strong ROS response was paralleled by the secretion of pro-
inflammatory cytokines Groα, IL6, MIP1α, MIP1β, and TNFα 
by murine PMNs after stimulation with A. fumigatus germ 
tubes or dZym, as well as the anti-inflammatory cytokine IL10 
(Figure 2). Pro-inflammatory cytokine release was also signifi-
cantly induced by PMA stimulation, whereas coculture with A. 
fumigatus conidia did not result in significant induction of MIP1β 
or TNFα secretion. Human PMNs showed strongly elevated IL8 
release when stimulated with A. fumigatus germ tubes, dZym or 
PMA, while MIP1α and MIP1β secretion was weakly induced by 
A. fumigatus germ tubes and dZym.

human and Murine Macrophages release 
Distinct cytokine Patterns When 
cocultured with A. fumigatus or 
stimulated with synthetic agonists
Pro- and anti-inflammatory cytokine secretion was strongly 
induced in both murine and human macrophages upon cocul-
ture with A. fumigatus germ tubes, dZym, or synthetic agonists 
LPS and Pam3CSK. While human macrophages released higher 
concentrations of MIP1α, IL8, and IL10 (Figures 3B,D,E), fold 
changes of IL8 and MIP1α were higher in murine samples due 
to differences in baseline levels. In comparison to murine cells 
stimulation of human macrophages by A. fumigatus germ tubes, 
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FigUre 3 | Distinct cytokine response pattern to Aspergillus fumigatus by 
human and murine macrophages. Cytokine patterns in culture supernatants 
of human and murine macrophages were studied by a 13-plex cytokine 
assay upon 12 h stimulation with A. fumigatus conidia or germ tubes as well 
as depleted zymosan (dZym), LPS, or Pam3CSK. Four human (white bars) 
and four murine (black bars) samples were assessed. Mean concentrations 
of IL1β (a), IL10 (B), IL6 (c), IL8/Groα (D), MIP1α (e), and TNFα (F) are 
shown. Error bars indicate standard deviations. Significance was calculated 
as difference to unstimulated with ANOVA and Tukey post-test (stars above 
of bars) as well as between human and mouse specimens with unpaired 
t-test.
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dZym, and Pam3CSK resulted in significantly greater IL1β 
release (Figure 3A). Interestingly, a small but significant increase 
in MIP1α and TNFα (Figures 3E,F) secretion by macrophages of 
both species was observed upon conidial stimulation. In human 
macrophages, this was paralleled by an even more pronounced 
upregulation of IL8 release and minor elevations of IL1β and IL6 
(Figures 3A,C,D).

human moDcs show higher  
Phagocytosis rates of A. fumigatus 
conidia and germ Tubes
Live imaging was performed to visualize the interaction between 
human (Figure 4A) or murine DCs (Figure 4B) with A. fumiga-
tus conidia or germ tubes. Analyzing the number of touches of 
DCs and fungal cells or the unspecific polystyrene bead control 
revealed no significant differences between human and murine 

cells over 3 h (Figure 4C). Assessing the percentage of phago-
cytosed A. fumigatus conidia or germ tubes after 3 h, however, 
human moDCs showed higher phagocytosis rates than murine 
BMDCs, whereas the internalization of polystyrene beads by 
human and murine DCs did not differ significantly (Figure 4D).

Dectin-1 is inversely regulated on human 
and Murine Dcs after stimulation with  
A. fumigatus conidia and germ Tubes
The transmembrane glycoprotein Dectin-1, also known as 
C-type lectin domain family member 7A, plays an important 
role as an A. fumigatus phagocytosis receptor (4). Thus, 
Dectin-1 expression on DCs cocultured with ethanol-
inactivated conidia and germ tubes for different periods was 
assessed and compared with unstimulated DCs. After only 1 h 
of coculture with both fungal morphotypes, surface expres-
sion of Dectin-1 started to decline on human moDCs, with 
a more pronounced effect after stimulation with germ tubes 
(Figure  5A). By contrast, increased Dectin-1 expression was 
observed on murine BMDCs stimulated with A. fumigatus 
germ tubes (Figure  5B). For each of the coculture periods 
studied, a significant difference in Dectin-1 surface expression 
was detected between human and murine DCs stimulated with 
A. fumigatus germ tubes, whereas prolonged exposure (18 h) 
to inactivated conidia was necessary to observe significantly 
different expression (Figures 5C,D).

human and Murine Dcs cocultured with 
A. fumigatus show Distinct surface 
antigen and cytokine response Patterns
To further characterize the response patterns of human and 
murine DCs confronted with resting and germinated stages 
of A. fumigatus, we analyzed the expression of maturation 
markers (CD80 and CD86) and MHC molecules (MHC-I and 
MHC-II) on the cell surface. 24 h of stimulation with inactivated  
A. fumigatus germ tubes, dZym, and LPS led to 1.3-fold upregula-
tion of CD80, CD86, MHC-I, and MHC-II on both human and 
murine DCs (Figure 6). Upon coculture with all studied stimuli, 
significantly greater levels of CD80 and CD86 were observed on 
human moDCs (Figures  6A,B). Coculture with A. fumigatus 
germ tubes led to a significantly higher MHC-I and MHC-II sur-
face expression on human moDCs, whereas conidial stimulation 
resulted in stronger upregulation of MHC-I in murine BMDCs 
(Figures 6C,D).

Further, cytokine profiles were studied by bead-based 
multiplex cytokine assays after 24  h coculture of DCs with 
A.  fumigatus conidia, germ tubes, dZym, or LPS. Stimulation 
with A. fumigatus germ tubes or LPS led to release of a broad 
range of pro-inflammatory cytokines by both human moDCs 
and murine BMDCs. Human moDCs showed significantly 
stronger TNFα release in response to these stimuli and a trend 
toward stronger IL12p70 and IL23 induction. By contrast, 
murine BMDCs released significantly greater amounts of IL6 
and IL18 (Figure 7).

Conidial stimulation resulted in the release of fewer cytokines 
and lower concentrations than other stimuli. Murine BMDCs 
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FigUre 4 | Human dendritic cells (DCs) contact and phagocytose Aspergillus fumigatus conidia and germ tubes more effectively. Representative images show 
phagocytosis of red fluorescent conidia and germ tubes by human (a) and murine (B) DCs at the indicated time points (duration of coculture). Number of touches 
(c) of human and murine DCs with A. fumigatus conidia (con), germ tubes (gt), and polystyrene beads (beads) and phagocytosis rates (D) were determined by live 
imaging analysis. Mean values of touched (c) or mean percentage of phagocytosed (D) fungal cells or beads after 3 h of coculture are given in the figure. Six human 
and murine donors were assessed. Significance was calculated with unpaired t-Test and error bars indicate SDs.
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showed strong and significant induction of the pro-inflammatory 
cytokines IL1β, IL6, TNFα, but also increased IL10 release after 
coculture with conidia. Stimulation of murine BMDCs with 
dZym led to significantly greater release of IL6, IL10, and IL18, 
whereas a tendency toward greater TNFα release by human 
moDCs was observed.

Taken together, these results highlight different response  
patterns of human moDCs and murine BMDCs confronted with 
A. fumigatus, with distinct cytokine profiles and stronger expres-
sion of maturation markers and MHC molecules on human 
moDCs.

Fungicidal activity of PMns
Colorimetric analysis of the fungal metabolism revealed that 2 h 
of A. fumigatus germ tube–PMN co-cultivation led to markedly 
increased fungal metabolism while fungal metabolic activity 
was decreased again after 4 h, compared to unstimulated control 
samples. No major difference was observed between human and 
murine PMNs (Figure S2 in Supplementary Material).

DiscUssiOn

Aspergillus fumigatus is the most important cause of invasive 
fungal infections occurring almost exclusively in immunocom-
promised patients. A key to understanding A. fumigatus patho-
genicity is knowledge of the interplay between the fungus and 
the immune system, in particular with the initial innate immune 
defense consisting of neutrophils, macrophages, and DCs.

In recent decades, several hundred studies characterized the 
functions of innate immune cells directed against A. fumigatus 
thereby improving the management and treatment of aspergil-
losis (15). This intensive work was based on in  vitro studies 
involving culturing of primary human immune cells, and cell 
lines and a large variety of animal models including mice, which 
are frequently used to model human disease and to mimic sce-
narios of immunocompromised patients.

This study, the first to our knowledge, provides a comparative 
functional assessment of murine innate immune cell subsets rou-
tinely employed in A. fumigatus in vitro interaction studies with 
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FigUre 5 | Human and murine dendritic cells show inverse Dectin-1 surface expression patterns after exposure to Aspergillus fumigatus. Dectin-1  
expression on the cell surface of human moDCs (a) and murine bone marrow derived dendritic cells (BMDCs) (B) was analyzed by flow cytometry after 
coculture with A. fumigatus conidia and germ tubes for different periods. Mean fold changes (±SDs) of mean fluorescence intensity (MFI) compared to 
unstimulated cells are given in the figure. Two murine and four human samples were analyzed. The lower panels directly compare Dectin-1 expression  
following exposure of human moDCs and murine BMDCs to A. fumigatus germ tubes (c) and conidia (D). Human and murine samples were compared  
with unpaired t-Test, error bars show SDs.
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their human counterparts. Humans and mice differ greatly in their 
size, lifespan, living conditions, and ecological niches. Even the 
blood composition between different mouse strains varies widely, 
while C57BL/6 mice contain 10–25% PMNs and 75–90% lympho-
cytes (16), CD-1 mice exhibit 15–20% PMNs (300–2,000 cells/μl) 
and 50–70% lymphocytes (1,000–7,000 cells/μl) (17). In contrast, 
human blood contains 50–70% PMNs (3,500–7,000 cells/μl) and 
20–40% lymphocytes (1,400–4,000 cells/μl) (17). In consequence, 
a direct translation of murine in vivo experimental data to human 
pathological events often fails due to insufficient similarities in 
the organization of the immune system of both species (18).

In our study, we isolated and cultivated PMNs, macrophages, 
and DCs from both mammals and challenged them in  vitro 
with A. fumigatus using standardized and reproducible work-
ing conditions, laboratory protocols and readout assays. We 
are aware that this in  vitro comparison is restricted due to the 
isolated use of single immune cell types while well-established 

murine models allow a complex view of the pathogenesis of IA. 
However, the chosen comparative in  vitro study design nicely 
illustrates the substantial parallel organization of the human and 
murine immune response against A. fumigatus but also provides 
examples for functional heterogeneity in the defense against the 
fungus.

Polymorphonuclear cells are among the first line response 
against A. fumigatus. When attracted by chemokines they leave 
the blood stream and migrate to the site of infection using a 
large number of PRRs to recognize and respond to the fungus. 
This includes the release of soluble antimicrobials, reactive 
metabolites, cytokines, and phagocytosis of conidia (19). In our  
experiments, murine and human neutrophils were directly 
isolated from anticoagulated blood using similar protocols 
(polysaccharide gradient for human blood and the commercial 
neutrophil enrichment kit for mice). Murine PMNs exhibited a 
significantly stronger ROS response to A. fumigatus and dZym, 

244

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 6 | Stronger upregulation of maturation markers and major 
histocompatibility complex (MHC) molecules upon Aspergillus fumigatus 
stimulation is observed in human moDCs. Surface expression of CD80  
(a), CD86 (B), MHC-I (c), and MHC-II (D) was analyzed by flow cytometry  
in human moDCs and murine bone marrow derived dendritic cells after 24 h 
stimulation with A. fumigatus conidia (con) and germ tubes (gt) as well as 
depleted zymosan (dZym) and LPS. Six human and murine dendritic cell 
samples were assessed. Mean fold changes of MFI values compared to 
unstimulated cells (unst) and SDs are shown. Significance between  
human and mouse specimen was calculated with the unpaired t-Test,  
the comparison to unstimulated specimens is shown as stars above  
bars and was calculated with ANOVA and Tukey post-test.
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a pure dectin-1 agonist, than human PMNs (Figure 1). The role 
of ROS in the immune defense against A. fumigatus is rather 
unclear. While text-book knowledge indicates that ROS is used by 
PMNs to kill A. fumigatus, more recent reports state that they play 
a regulatory role as signaling molecules and in the activation of 
antimicrobial enzymes in the phagolysosome (20). Furthermore, 
it could be demonstrated only recently that murine lung PMNs 
trigger programmed cell death with apoptosis-like features in  
A. fumigatus conidia (21).

Furthermore, human PMNs showed strongly elevated IL8 
release when stimulated with A. fumigatus germ tubes and dZym 
while murine PMNs secreted a much larger variety of cytokines 
and chemokines, including Groα, IL6, MIP1α, MIP1β, and 
TNFα, as well as the anti-inflammatory cytokine IL10. While 
IL8 is the most important chemoattractant for human neutrophil 
recruitment, an orthologous counterpart is absent in mice (22). 
In contrast, mice express CXCL15 as an attractant and other 
functional homologs of IL8, such as Groα (23).

Interestingly, in a preliminary experiment analyzing PMNs 
from four healthy human donors and two mice by an XTT 
metabolic assay, we revealed no major differences quantifying 
fungal metabolism after 2 and 4 h, respectively. We hypothesize 

that the increase of fungal metabolism after 2 h of co-cultivation 
with human and murine PMNs might reflect temporarily higher 
fungal metabolic activity due to early defense mechanisms of  
A. fumigatus.

Human moDCs were generated from CD14+ monocytes 
using rGM-CSF and rIL4 while murine DCs were derived from 
bone marrow cultured in R10-medium supplemented with 
rmGM-CSF. While murine Ly6Chigh monocytes fail to proliferate 
(24), proliferating cells mostly represent macrophage-DC pro-
genitors and common monocyte progenitor (25). This observa-
tion was described for human CD14+ monocytes undergoing 
moDC differentiation as well (26). Thereby, GM-CSF has major 
effects on myelomonocytic cells leading to a massive expansion 
of macrophage–DC-restricted precursors, but very low effects 
on common dendritic cell precursors (24). In both, humans 
and mice, Ly6Chigh monocytes and moDCs are recruited into 
tissue under inflammatory and infectious conditions thereby 
initiating T cell priming in the draining lymph nodes, e.g., in the 
synovia of rheumatoid arthritis patients (27, 28). Thus, murine 
BMDCs and human moDCs are highly similar and thus can be 
considered as functional homologs (29, 30).

Both, human and murine DCs were able to phagocytose  
A. fumigatus conidia and germ tubes. Efficient phagocytosis is 
a prerequisite for adequate antigen processing and presentation 
to lymphocytes (31). This characteristic property of DCs in the 
interplay with A. fumigatus underlines their relevance in bridging 
innate and adaptive immunity during mold infections. The more 
efficient phagocytosis of A. fumigatus conidia in human moDCs 
might be due to the differential size of human and murine DCs 
or due to mouse-strain specific variabilities in phagocytosic 
capacity (32).

Human moDCs secreted substantially more of the pro-
inflammatory mediators TNFα, MCP1, IL12p70, and IL1β, 
indicating their profound role in the broad activation of the 
innate and adaptive immune response. Murine BMDCs released 
significantly greater amounts of IL6 and IL18. Cenci et al. showed 
that IL6(−/−) mice were more susceptible to aspergillosis than 
the wild-type. Susceptibility was associated with increased 
inflammatory pathology, decreased antifungal effector functions 
of phagocytes, and impaired development of protective type 1 
responses. Exposure to exogenous IL6 restored antifungal effec-
tor activity (33). Similarly, simultaneous neutralization of IL18 
and IL12 resulted in a significant increase in A. fumigatus CFU in 
murine lung tissue demonstrating its key role in murine defense 
against Aspergillus infection (34).

Secretion of IL10, which suppresses proliferation, cytokine 
secretion, and costimulatory molecule expression of pro-
inflammatory immune cells, differed markedly between human 
and murine cells. While A. fumigatus germ tubes and dZym led 
to a 100- and 60-fold induction of the IL10 secretion of human 
macrophages compared to unstimulated control cells, stimulation 
of murine macrophages led to lower increases (with germ tubes 
14-fold, with dZym 14-fold). Interestingly, basal secretion of IL10 
from unstimulated macrophages into the culture medium was 
over 20-fold higher in human cells than in their murine coun-
terparts. Human and mouse IL10 have roughly 73% sequence 
homology and are secreted as 178-amino acid proteins (35). It is 
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FigUre 7 | Distinct cytokine response patterns to Aspergillus fumigatus are observed in human and murine dendritic cells (DCs). Cytokine concentrations 
(picograms/milliliter) in culture supernatants of human moDCs and murine bone marrow-derived dendritic cells stimulated with ethanol-inactivated A. fumigatus 
conidia or germ tubes, depleted zymosan (dZym) or LPS were quantified by 13-plex cytokine assays. Four human (white bars) and four murine (black bars) DC 
samples were assessed. Mean concentrations of TNFα (a), IL12p70 (B), IL23 (c), IL6 (D), IL10 (e), IL18 (F), and IL1β (g) are shown. Error bars indicate standard 
deviations. Significance was calculated as difference to unstimulated specimens with ANOVA and Tukey post-test (stars above of bars) as well as between human 
and mouse specimens with unpaired t-test.
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unknown whether both cytokines have identical binding capacity 
to their receptors, stability, and degradation behavior.

Dectin-1, a β-glucan receptor, is expressed on mono-
cytes, macrophages, DCs, neutrophils, and eosinophils (36). 
Brown et al. demonstrated that dZym, which was treated with hot 
alkali to remove its TLR-stimulating properties, triggers expres-
sion of pro-inflammatory cytokines via Dectin-1 signaling (37).  
In mice, sensing of C. albicans by Dectin-1 results in ingestion 
and killing of the fungus and the induction of an early inflamma-
tory response, which results in the recruitment and activation of 
other immune cells to the infection site. Dectin-1 deficiency leads 
to increased susceptibility to systemic and mucosal candidiasis 
(38). In contrast, human Dectin-1 deficiency causes diminished 
cytokine responses, while alternative receptors are then respon-
sible for fungal uptake and subsequent killing. Our results dem-
onstrate inverse Dectin-1 surface expression after exposure to  

A. fumigatus. After 1 h of coculture, surface expression of Dectin-1 
decreased on human moDCs, with a more pronounced effect after 
stimulation with germ tubes (Figure 5A). By contrast, increased 
Dectin-1 expression was observed on murine BMDCs stimulated 
with A. fumigatus germ tubes (Figure 5B). We hypothesize that 
downregulation of Dectin-1 exposure on human moDCs pre-
vents severe and uncontrolled inflammatory reactions while on 
murine BMDCs, Dectin-1 expression is required for continuous 
ingestion and killing of the fungus. This is consistent with our 
previous data showing that anti-Dectin-1 antibody treatment 
of human moDCs as well as ex vivo myeloid DCs subsequently 
inhibited secretion of pro-inflammatory cytokines after contact 
with A. fumigatus, C. albicans, or zymosan (4, 39). This is also 
consistent with the observation that naïve mice lacking Dectin-1 
show reduced killing of conidia and a higher mortality rate than 
wild-type mice (40).
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Taken together, after 65 million years of independent evolution 
(5), immune systems of both species differ substantially. Mice are 
perfectly adapted to their relatively short lifespan of 2–3  years 
and their natural habitat on the ground. In the defense against 
invading fungi, resistance mechanisms and an efficient control 
over pathogens dominate in humans, while tolerance determines 
the immune response in mice (41). Our comparative functional 
assessment of selected human and murine innate immune cell 
subsets using standardized and reproducible working condi-
tions, laboratory protocols, and readout assays underlined this 
hypothesis. We were able to provide examples for functional 
heterogeneity of mammalian innate immune cell populations in 
their in vitro response against the pathogenic mold A. fumigatus. 
These specific differences should be carefully considered in future 
comparative discovery and validation studies. Furthermore, they 
highlight potential limitations in the direct transferability of 
murine host–pathogen interaction studies. Additional studies are 
highly warranted comparatively employing murine and human 
cell populations to further study mold immunopathology and 
to evaluate new diagnostic and therapeutic strategies. Moreover, 
work on humanized mouse models or the development of syn-
thetic human models might help to avoid difficulties in translat-
ing and harmonizing data across different mammalian species.
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FigUre s1 | Comparison of cytokine response patterns to Aspergillus fumigatus 
germ tubes. Cytokine secretion into the culture medium was analyzed by 
multiplex bead-based assay upon stimulation of murine or human dendritic cells 
(DCs), neutrophils [polymorphonuclear cells (PMNs)], or macrophages with 
A. fumigatus germ tubes. Fold changes compared to unstimulated samples are 
indicated by gray scale. OOR (out of range) indicates that >50% of samples did 
not meet the limits of detection and thus fold changes could not be calculated 
reliably.

FigUre s2 | Impact of human and murine polymorphonuclear cells (PMNs) on 
fungal XTT metabolism. PMNs were isolated from whole blood of four healthy 
human donors and two mice as described in the Section “Materials and 
Methods.” After 2 and 4 h of coculture at 37°C, hypotonic lysis of PMNs was 
performed. Supernatants were carefully removed and 200 µl HBSS 
supplemented with 400 µg/ml of 2,3-bis-(2-methoxy-4-nitro-5-sulphenyl)-(2 H)-
tetrazolium-5-carboxanilide (XTT) and 50 µg/ml of coenzyme were added. After 
90 min incubation at 37°C and centrifugation at 300g for 5 min, 100 µl 
supernatant of each well were transferred to a 96-well plate and OD450 was 
measured in a microplate reader. Fold changes of fungal XTT metabolism due to 
the presence of PMNs was calculated according to the following formula: 
Fold change OD

450

PMN Fungu= − /( ) (+ s PMN FungusOD OD OD
450 450 450

− BBlank ). Individual results for each 
human and murine PMN sample and mean values (black horizontal bars) are 
shown in the figure.

reFerences

1. Segal BH. Aspergillosis. N Engl J Med (2009) 360:1870–84. doi:10.1056/
NEJMra0808853 

2. Grimm MJ, D’Auria AC, Segal BH. Assessing anti-fungal activity of isolated 
alveolar macrophages by confocal microscopy. J Vis Exp (2014) (89):e51678. 
doi:10.3791/51678 

3. Braedel S, Radsak M, Einsele H, Latge JP, Michan A, Loeffler J, et  al.  
Aspergillus fumigatus antigens activate innate immune cells via toll-like 
receptors 2 and 4. Br J Haematol (2004) 125:392–9. doi:10.1111/j.1365-2141. 
2004.04922.x 

4. Mezger M, Kneitz S, Wozniok I, Kurzai O, Einsele H, Loeffler J. Proinflammatory 
response of immature human dendritic cells is mediated by Dectin-1 after 
exposure to Aspergillus fumigatus germ tubes. J Infect Dis (2008) 197:924–31. 
doi:10.1086/528694 

5. Mestas J, Hughes CC. Of mice and not men: differences between mouse 
and human immunology. J Immunol (2004) 172:2731–8. doi:10.4049/
jimmunol.172.5.2731 

6. Reynolds G, Haniffa M. Human and mouse mononuclear phagocyte 
networks: a tale of two species? Front Immunol (2015) 6:330. doi:10.3389/
fimmu.2015.00330 

7. Relle M, Thomaidis T, Galle PR, Schwarting A. Comparative aspects of 
murine proteinase 3. Rheumatol Int (2011) 31:1105–11. doi:10.1007/s00296- 
010-1672-2 

8. Park SJ, Burdick MD, Mehrad B. Neutrophils mediate maturation and efflux 
of lung dendritic cells in response to Aspergillus fumigatus germ tubes. Infect 
Immun (2012) 80:1759–65. doi:10.1128/IAI.00097-12 

9. Lother J, Breitschopf T, Krappmann S, Morton CO, Bouzani M, Kurzai O, 
et al. Human dendritic cell subsets display distinct interactions with the patho-
genic mould Aspergillus fumigatus. Int J Med Microbiol (2014) 304:1160–8. 
doi:10.1016/j.ijmm.2014.08.009 

10. Moretti S, Bozza S, Massi-Benedetti C, Prezioso L, Rossetti E, Romani L,  
et al. An immunomodulatory activity of micafungin in preclinical aspergillo-
sis. J Antimicrob Chemother (2014) 69:1065–74. doi:10.1093/jac/dkt457 

11. Prufer S, Weber M, Stein P, Bosmann M, Stassen M, Kreft A, et al. Oxidative 
burst and neutrophil elastase contribute to clearance of Aspergillus fumiga-
tus pneumonia in mice. Immunobiology (2014) 219:87–96. doi:10.1016/j.
imbio.2013.08.010 

12. Liu C, Wang M, Sun W, Cai F, Geng S, Su X, et al. PU.1 serves a critical role in 
the innate defense against Aspergillus fumigatus via dendritic cell-associated 
C-type lectin receptor-1 and toll-like receptors-2 and 4 in THP-1-derived 
macrophages. Mol Med Rep (2017) 15:4084–92. doi:10.3892/mmr.2017.6504 

247

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01716/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01716/full#supplementary-material
https://doi.org/10.1056/NEJMra0808853
https://doi.org/10.1056/NEJMra0808853
https://doi.org/10.3791/51678
https://doi.org/10.1111/j.1365-2141.
2004.04922.x
https://doi.org/10.1111/j.1365-2141.
2004.04922.x
https://doi.org/10.1086/528694
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.3389/fimmu.2015.00330
https://doi.org/10.3389/fimmu.2015.00330
https://doi.org/10.1007/s00296-
010-1672-2
https://doi.org/10.1007/s00296-
010-1672-2
https://doi.org/10.1128/IAI.00097-12
https://doi.org/10.1016/j.ijmm.2014.08.009
https://doi.org/10.1093/jac/dkt457
https://doi.org/10.1016/j.imbio.2013.08.010
https://doi.org/10.1016/j.imbio.2013.08.010
https://doi.org/10.3892/mmr.2017.6504


Hellmann et al. Human and Murine Immune Response to A. fumigatus

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1716

13. Wiemann P, Perevitsky A, Lim FY, Shadkchan Y, Knox BP, Landero Figueora JA,  
et  al. Aspergillus fumigatus copper export machinery and reactive oxygen 
intermediate defense counter host copper-mediated oxidative antimicrobial 
offense. Cell Rep (2017) 19:2174–6. doi:10.1016/j.celrep.2017.05.075 

14. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N, et  al.  
An advanced culture method for generating large quantities of highly 
pure dendritic cells from mouse bone marrow. J Immunol Methods (1999) 
223:77–92. doi:10.1016/S0022-1759(98)00204-X 

15. Sales-Campos H, Tonani L, Cardoso CR, Kress MR. The immune interplay 
between the host and the pathogen in Aspergillus fumigatus lung infection. 
Biomed Res Int (2013) 2013:693023. doi:10.1155/2013/693023 

16. Doeing DC, Borowicz JL, Crockett ET. Gender dimorphism in differential 
peripheral blood leukocyte counts in mice using cardiac, tail, foot, and 
saphenous vein puncture methods. BMC Clin Pathol (2003) 3:3. doi:10.1186/ 
1472-6890-3-3 

17. Haley PJ. Species differences in the structure and function of the 
immune system. Toxicology (2003) 188:49–71. doi:10.1016/S0300-483X 
(03)00043-X 

18. Zschaler J, Schlorke D, Arnhold J. Differences in innate immune response 
between man and mouse. Crit Rev Immunol (2014) 34:433–54. doi:10.1615/
CritRevImmunol.2014011600

19. Arnhold J, Flemmig J. Human myeloperoxidase in innate and acquired 
immunity. Arch Biochem Biophys (2010) 500:92–106. doi:10.1016/j.abb. 
2010.04.008 

20. Brakhage AA, Bruns S, Thywissen A, Zipfel PF, Behnsen J. Interaction of 
phagocytes with filamentous fungi. Curr Opin Microbiol (2010) 13:409–15. 
doi:10.1016/j.mib.2010.04.009 

21. Shlezinger N, Irmer H, Dhingra S, Beattie SR, Cramer RA, Braus GH,  
et al. Sterilizing immunity in the lung relies on targeting fungal apoptosis-like 
programmed cell death. Science (2017) 357:1037–41. doi:10.1126/science.
aan0365 

22. Zlotnik A, Yoshie O, Nomiyama H. The chemokine and chemokine receptor 
superfamilies and their molecular evolution. Genome Biol (2006) 7:243. 
doi:10.1186/gb-2006-7-12-243 

23. Rossi DL, Hurst SD, Xu Y, Wang W, Menon S, Coffman RL, et al. Lungkine,  
a novel CXC chemokine, specifically expressed by lung bronchoepithelial cells. 
J Immunol (1999) 162:5490–7. 

24. Helft J, Bottcher J, Chakravarty P, Zelenay S, Huotari J, Schraml BU, et  al. 
GM-CSF mouse bone marrow cultures comprise a heterogeneous population 
of CD11c(+)MHCII(+) macrophages and dendritic cells. Immunity (2015) 
42:1197–211. doi:10.1016/j.immuni.2015.05.018 

25. Hettinger J, Richards DM, Hansson J, Barra MM, Joschko AC, Krijgsveld J,  
et  al. Origin of monocytes and macrophages in a committed progenitor.  
Nat Immunol (2013) 14:821–30. doi:10.1038/ni.2638 

26. Romani N, Gruner S, Brang D, Kampgen E, Lenz A, Trockenbacher B, et al. 
Proliferating dendritic cell progenitors in human blood. J Exp Med (1994) 
180:83–93. doi:10.1084/jem.180.1.83 

27. Randolph GJ, Beaulieu S, Lebecque S, Steinman RM, Muller WA. Differentiation 
of monocytes into dendritic cells in a model of transendothelial trafficking. 
Science (1998) 282:480–3. doi:10.1126/science.282.5388.480 

28. Cheong C, Matos I, Choi JH, Dandamudi DB, Shrestha E, Longhi MP,  
et  al. Microbial stimulation fully differentiates monocytes to DC-SIGN/
CD209(+) dendritic cells for immune T cell areas. Cell (2010) 143:416–29. 
doi:10.1016/j.cell.2010.09.039 

29. Xu Y, Zhan Y, Lew AM, Naik SH, Kershaw MH. Differential development 
of murine dendritic cells by GM-CSF versus Flt3 ligand has implications for 

inflammation and trafficking. J Immunol (2007) 179:7577–84. doi:10.4049/
jimmunol.179.11.7577 

30. Segura E, Touzot M, Bohineust A, Cappuccio A, Chiocchia G, Hosmalin A, 
et  al. Human inflammatory dendritic cells induce Th17 cell differentiation. 
Immunity (2013) 38:336–48. doi:10.1016/j.immuni.2012.10.018 

31. Steinman RM, Hemmi H. Dendritic cells: translating innate to adaptive 
immunity. Curr Top Microbiol Immunol (2006) 311:17–58. 

32. Maree AF, Komba M, Finegood DT, Edelstein-Keshet L. A quantitative 
comparison of rates of phagocytosis and digestion of apoptotic cells by 
macrophages from normal (BALB/c) and diabetes-prone (NOD) mice. 
J Appl Physiol (1985) (2008) 104:157–69. doi:10.1152/japplphysiol.00514. 
2007 

33. Cenci E, Mencacci A, Casagrande A, Mosci P, Bistoni F, Romani L.  
Impaired antifungal effector activity but not inflammatory cell recruitment 
in interleukin-6-deficient mice with invasive pulmonary aspergillosis. J Infect 
Dis (2001) 184:610–7. doi:10.1086/322793 

34. Brieland JK, Jackson C, Menzel F, Loebenberg D, Cacciapuoti A, Halpern J, 
et al. Cytokine networking in lungs of immunocompetent mice in response to 
inhaled Aspergillus fumigatus. Infect Immun (2001) 69:1554–60. doi:10.1128/
IAI.69.3.1554-1560.2001 

35. Windsor WT, Syto R, Tsarbopoulos A, Zhang R, Durkin J, Baldwin S, et al. 
Disulfide bond assignments and secondary structure analysis of human 
and murine interleukin 10. Biochemistry (1993) 32:8807–15. doi:10.1021/
bi00085a011 

36. Willment JA, Marshall AS, Reid DM, Williams DL, Wong SY, Gordon S,  
et al. The human beta-glucan receptor is widely expressed and functionally 
equivalent to murine Dectin-1 on primary cells. Eur J Immunol (2005) 
35:1539–47. doi:10.1002/eji.200425725 

37. Brown GD, Herre J, Williams DL, Willment JA, Marshall AS, Gordon S. 
Dectin-1 mediates the biological effects of beta-glucans. J Exp Med (2003) 
197:1119–24. doi:10.1084/jem.20021890 

38. Reid DM, Gow NA, Brown GD. Pattern recognition: recent insights from 
Dectin-1. Curr Opin Immunol (2009) 21:30–7. doi:10.1016/j.coi.2009.01.003 

39. Hefter M, Lother J, Weiß E, Schmitt AL, Fliesser M, Einsele H, et al. Human 
primary myeloid dendritic cells interact with the opportunistic fungal patho-
gen Aspergillus fumigatus via the C-type lectin receptor Dectin-1. Med Mycol 
(2016) 55:573–8. doi:10.1093/mmy/myw105

40. Werner JL, Metz AE, Horn D, Schoeb TR, Hewitt MM, Schwiebert LM, et al. 
Requisite role for the Dectin-1 beta-glucan receptor in pulmonary defense 
against Aspergillus fumigatus. J Immunol (2009) 182:4938–46. doi:10.4049/
jimmunol.0804250 

41. Raberg L, Sim D, Read AF. Disentangling genetic variation for resistance 
and tolerance to infectious diseases in animals. Science (2007) 318:812–4. 
doi:10.1126/science.1148526 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Hellmann, Lother, Wurster, Lutz, Schmitt, Morton, Eyrich, Czakai, 
Einsele and Loeffler. This is an open-access article distributed under the terms of 
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms.

248

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.celrep.2017.05.075
https://doi.org/10.1016/S0022-1759(98)00204-X
https://doi.org/10.1155/2013/693023
https://doi.org/10.1186/
1472-6890-3-3
https://doi.org/10.1186/
1472-6890-3-3
https://doi.org/10.1016/S0300-483X
(03)00043-X
https://doi.org/10.1016/S0300-483X
(03)00043-X
https://doi.org/10.1615/CritRevImmunol.2014011600
https://doi.org/10.1615/CritRevImmunol.2014011600
https://doi.org/10.1016/j.abb.
2010.04.008
https://doi.org/10.1016/j.abb.
2010.04.008
https://doi.org/10.1016/j.mib.2010.04.009
https://doi.org/10.1126/science.aan0365
https://doi.org/10.1126/science.aan0365
https://doi.org/10.1186/gb-2006-7-12-243
https://doi.org/10.1016/j.immuni.2015.05.018
https://doi.org/10.1038/ni.2638
https://doi.org/10.1084/jem.180.1.83
https://doi.org/10.1126/science.282.5388.480
https://doi.org/10.1016/j.cell.2010.09.039
https://doi.org/10.4049/jimmunol.179.11.7577
https://doi.org/10.4049/jimmunol.179.11.7577
https://doi.org/10.1016/j.immuni.2012.10.018
https://doi.org/10.1152/japplphysiol.00514.2007
https://doi.org/10.1152/japplphysiol.00514.2007
https://doi.org/10.1086/322793
https://doi.org/10.1128/IAI.69.3.1554-1560.2001
https://doi.org/10.1128/IAI.69.3.1554-1560.2001
https://doi.org/10.1021/bi00085a011
https://doi.org/10.1021/bi00085a011
https://doi.org/10.1002/eji.200425725
https://doi.org/10.1084/jem.20021890
https://doi.org/10.1016/j.coi.2009.01.003
https://doi.org/10.1093/mmy/myw105
https://doi.org/10.4049/jimmunol.0804250
https://doi.org/10.4049/jimmunol.0804250
https://doi.org/10.1126/science.1148526
http://creativecommons.org/licenses/by/4.0/


August 2017 | Volume 8 | Article 949

Original research
published: 21 August 2017

doi: 10.3389/fimmu.2017.00949

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Bernhard Hube,  

Leibniz-Institut für Naturstoff-
Forschung und Infektionsbiologie—

Hans Knöll Institut, Germany

Reviewed by: 
Rebecca Drummond,  

National Institutes of Health,  
United States  

Mark S. Gresnigt,  
Radboud University Nijmegen, 

Netherlands

*Correspondence:
João Santana Silva 

jsdsilva@fmrp.usp.br

†These authors have contributed 
equally to this work.

Specialty section: 
This article was submitted  
to Microbial Immunology,  

a section of the journal  
Frontiers in Immunology

Received: 22 May 2017
Accepted: 25 July 2017

Published: 21 August 2017

Citation: 
Tristão FSM, Rocha FA, Carlos D, 
Ketelut-Carneiro N, Souza COS, 
Milanezi CM and Silva JS (2017) 

Th17-Inducing Cytokines IL-6 and  
IL-23 Are Crucial for Granuloma 
Formation during Experimental 

Paracoccidioidomycosis. 
Front. Immunol. 8:949. 

doi: 10.3389/fimmu.2017.00949

Th17-inducing cytokines il-6 and 
il-23 are crucial for granuloma 
Formation during experimental 
Paracoccidioidomycosis

 

Fabrine Sales Massafera Tristão†, Fernanda Agostini Rocha†, Daniela Carlos,  
Natália Ketelut-Carneiro, Camila Oliveira Silva Souza, Cristiane Maria Milanezi and 
João Santana Silva*
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Paracoccidioidomycosis (PCM), a chronic granulomatous disease caused by the ther-
mally dimorphic fungus Paracoccidioides brasiliensis and Paracoccidioides lutzii, has 
the highest mortality rate among systemic mycosis. The T helper 1-mediated immunity 
is primarily responsible for acquired resistance during P. brasiliensis infection, while 
susceptibility is associated with Th2 occurrence. Th17 is a population of T CD4+ cells 
that, among several chemokines and cytokines, produces IL-17A and requires the 
presence of IL-1, IL-6, and TGF-β for differentiation in mice and IL-23 for its main-
tenance. Th17 has been described as an arm of the immune system that enhances 
host protection against several bacterial and fungal infections, as Pneumocystis carinii 
and Candida albicans. In this study, we aimed to evaluate the Th17 immune response 
and the role of Th17-associated cytokines (IL-6, IL-23, and IL-17A) during experimen-
tal PCM. First, we observed that P. brasiliensis infection [virulent yeast strain 18 of  
P. brasiliensis (Pb18)] increased the IL-17A production in  vitro and all the evaluated 
Th17-associated cytokines in the lung tissue from C57BL/6 wild-type mice. In addition, 
the deficiency of IL-6, IL-23, or IL-17 receptor A (IL-17RA) impaired the compact gran-
uloma formation and conferred susceptibility during infection, associated with reduced 
tumor necrosis factor-α, IFN-γ, and inducible nitric oxide synthase enzyme expression. 
Our data suggest that IL-6 production by bone marrow-derived macrophages (BMDMs) 
is important to promote the Th17 differentiation during Pb18 infection. In accordance, 
the adoptive transfer of BMDMs from C57BL/6 to infected IL-6−/− or IL-17RA−/− mice 
reduced the fungal burden in the lungs compared to nontransferred mice and reestab-
lished the pulmonary granuloma formation. Taken together, these results suggest that 
Th17-associated cytokines are involved in the modulation of immune response and 
granuloma formation during experimental PCM.

Keywords: paracoccidioidomycosis, Th17, il-17a, il-6, il-23

inTrODUcTiOn

Paracoccidioidomycosis (PCM), a systemic mycosis characterized by chronic and granulomatous 
inflammation, is caused by the thermally dimorphic fungus Paracoccidioides brasiliensis and 
Paracoccidioides lutzii (1). PCM has high incidence in several countries of Latin America and 
represents the eighth cause of death among infectious and parasitic diseases. Moreover, it induces 
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the highest mortality rate (1.45 per million inhabitants) among 
systemic mycosis, being considered an occupational disease and 
a serious social problem (2). It affects mainly farm workers and 
usually leads to the formation of pulmonary dysfunction as a 
consequence of primary infection progression or reactivation of 
a latent focus (3).

The infection is acquired after inhalation of fungal propagules 
that convert into the invasive yeast form once in the lungs (4). The 
resistance to infection is associated with a potent T helper 1 (Th1) 
response, which induces activation of macrophages that actively 
control the fungal growth (5, 6). Otherwise, resistance is associated 
with a predominantly Th2 and Th9 response, inducing eosinophilia 
and humoral immune responses (7).

Besides the mentioned Th subtypes, classified by defined phe-
notypic characteristics and specialized functions in immunity, 
T  cells can also differentiate into Th17, a distinct cell lineage 
that produces various chemokines and cytokines, such as tumor 
necrosis factor (TNF)-α, IL-6, IL-21, IL-22, IL-17F, and IL-17A 
(8, 9). IL-1 signaling in T cells is required for the early Th17 dif-
ferentiation in vitro and in vivo, and after polarization, IL-1 also 
allowed Th17  cells to maintain their cytokine secretion profile 
(10–12). The murine differentiation of Th17 requires the presence 
of IL-6, IL-21, and TGF-β, which activate Stat3 and induce the 
expression of the transcription factor retinoic acid-related orphan 
receptor (RORγt) (10, 13–15). Although IL-23 is not necessary 
for Th17 differentiation, it is essential for the maintenance of the 
differentiated Th17 cells (16).

Notably, Th17  cells are described as an arm of the immune 
system that enhances host protection against several intracellular 
and extracellular bacterial infections (17). In addition, fungal 
infections also have been associated with induction of Th17 
immune response, triggering effector mechanisms, as produc-
tion of antimicrobial peptides (8, 18, 19) and factors important 
for neutrophil function and recruitment (20–22), promoting the 
resistance to infection (23–25). In fact, the IL-17A and IL-23 pro-
duction was important in the protective response during experi-
mental Pneumocystis carinii infection (26). In addition, Candida 
albicans recognition by antigen-presenting cells promoted the 
IL-6 and IL-23 secretion, leading to Th17 differentiation and 
enhancement of host resistance (27–29). Similarly, P. brasiliensis 
was able to induce Th17 and IL-17-producing CD8+ T cell (Tc17) 
differentiation (30, 31).

The cytokine IL-17A coordinates tissue inflammation 
through higher expression of pro-inflammatory cytokines and 
chemokines, which collectively determine the magnitude of the 
inflammatory response. The IL-17A receptors (IL-17RAs) are 
found in the surface of leukocytes, keratinocytes, fibroblasts, 
epithelial, mesothelial, and vascular endothelial cells, and its 
action includes granulopoiesis, neutrophil recruitment, and 
inflammatory responses (21, 22, 32–34). Moreover, IL-17A 
plays a critical role in the induction of mature granuloma for-
mation during mycobacterial infection (35). Granulomas are 
immunological structures important in the host defense against 
fungi. In the course of granuloma maturation, the recruitment 
of phagocytes and lymphocytes is triggered by various cytokines 
and chemokines that are initially produced by infected mac-
rophages, as TNF-α (36). In corroboration, our group showed 

that TNF-α-deficient mice are highly susceptible to P. brasiliensis 
infection, are not able to mount organized granulomas, and have 
a great amount of fungus in the lesions and high mortality rates 
(37). Moreover, IL-17-expressing cells have been detected within 
and around the granulomas in the skin and oral mucosal lesions 
from PCM patients (38).

Because little is known about the mechanisms involved in the 
immune response during PCM, we sought here to investigate 
the role of IL-6, IL-23, and IL-17A during the experimental  
P. brasiliensis infection. Our data suggest that IL-6-production 
by bone marrow-derived macrophages (BMDMs) is important 
to promote the IL-17A production and consequent induction of 
a protective immune response and granuloma formation during 
P. brasiliensis experimental infection.

MaTerials anD MeThODs

Mice
Male 6- to 7-week-old C57BL/6 mice, and genetically deficient 
(−/−) for IL-6, IL-23p19, and IL-17RA, were obtained from our 
Isogenic Breeding Unit and maintained under specific pathogen-
free conditions in microisolator cages in the animal housing 
facility of the Department of Biochemistry and Immunology, 
School of Medicine of Ribeirão Preto, São Paulo University, 
Ribeirão Preto, Brazil. Mice were supplied with sterilized food 
and water ad libitum. Experiments were conducted according to 
the ethical principles of animal research adopted by the Brazilian 
College of Animal Experimentation and approved by the Ethical 
Commission in Animal Research (protocol 095/2010).

Fungus, In Vitro and In Vivo infections
The virulent yeast strain 18 of P. brasiliensis (Pb18) was cultured 
(7 days at ~36°C) in Brain Heart Infusion (BHI) agar medium 
(Oxoid Basingstoke, Hampshire, England) supplemented with 
gentamicin (100 µg/mL) and 5% fetal bovine serum (FBS; Gibco 
BRL, Life Technologies, Inc.). After, Pb18 colonies were grown for 
24 h (37°C, 150 rpm) in F12 Coon’s modified medium (Sigma-
Aldrich, St. Louis, MO, USA) containing gentamicin (100 µg/mL).  
The Pb18 yeast cells were then harvested and washed in sterile 
phosphate-buffered saline (PBS; pH 7.2), and the fungal viability 
was determined by fluorescein diacetate-ethidium bromide 
staining (39). Only high viability suspensions (≥90%) were used 
in this study. For in vivo infection, the concentration of fungal 
cells was adjusted to 1  ×  107 yeasts/mL in PBS and 100  µL of 
this solution (1  ×  106 cells) was intravenously (i.v.) inoculated 
in each mice. In vitro fungal stimulation was performed with a 
multiplicity of infection (MOI) of 1.

splenocyte and Pulmonary cells isolation 
and activation
The spleen from uninfected male C57BL/6 mice were removed, 
and single-cell suspensions were obtained after red blood cells 
lysis (1  min) with buffer containing NH4Cl (0.16  M, 9 parts) 
and Tris-HCl (0.17 M, 1 part). Splenocytes (1 ×  106 cells/well) 
were cultured for 5 days with 1 × 106 Pb18 yeasts cells in RPMI 
1640 supplemented with 5% FBS (Gibco), 0.1 mM non-essential 
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amino acids, 1  mM sodium pyruvate, l-glutamine (2  mM), 
100 U of penicillin/mL, and 100 µg of streptomycin/mL (all from 
Sigma-Aldrich). Lung lobules were excised from uninfected and 
Pb18-infected mice, washed in PBS, minced with scissors, and 
enzyme digested at 37°C for 30–35 min in 1 mL of digestion buffer 
[RPMI 1640, 2  mg/mL collagenase IV (Sigma) and 1  mg/mL  
DNase (Sigma)]. Tissue fragments were further homogenized 
using a 1-mL pipette, crushed through a 50-µm pore size nylon 
filter (BD Biosciences, San Jose, CA, USA) and then centrifuged 
(1,300 rpm, 10 min, 4°C). Next, red blood cells were eliminated 
using lysis buffer, and remaining cells were washed in PBS, cen-
trifuged, and resuspended in RPMI 1640 containing 5% FBS. For 
splenocytes and pulmonary cells activation, 1 × 106 cells/well were 
cultured for 4 h with PMA (50 ng/mL), ionomycin (500 ng/mL),  
and brefeldin A (5 mg/mL), followed by staining for extracellular 
and intracellular markers and analysis by flow cytometry.

Flow cytometry
The expression of CD4, CD8, CD19, CD49b, γδ, F4/80, IL-6, and 
IL-17A was assessed in splenocytes or pulmonary cells by flow 
cytometry as previously reported (40, 41). The antibodies were 
conjugated to different fluorochromes (BD Biosciences, eBio-
sciences, San Diego, CA, USA, and Santa Cruz Biotechnologies, 
Santa Cruz, CA, USA). For intracellular cytokine staining, cells 
were previously permeabilized using PBS containing 1% FBS, 
0.1% sodium azide, and 0.2% saponin. Data acquisition was 
performed using a FACSCanto II flow cytometer and FACSDiva 
software (BD Biosciences). Data were plotted and analyzed using 
FlowJo software (Tree Star, Ashland, OR, USA).

Measurement of cytokines in lung 
supernatant
The left lung (42) from uninfected and Pb18-infected mice were 
removed, weighed, homogenized in sterile PBS-containing pro-
tease inhibitor (Complete, Roche), and centrifuged (1,300 rpm, 
10 min, 4°C). Supernatants were collected and stored at −20°C. 
The levels of IL-17A, IL-6, IL-23, TNF-α, and IFN-γ were meas-
ured by enzyme-linked immunosorbent assay (ELISA) accord-
ing to manufacturers’ recommendations (BD Pharmingen, San 
Jose, CA, USA). The reading was held in eMax ELISA reader 
(Molecular Devices, Sunnyvale, CA, USA) at 450 nm.

recovery of colony-Forming Units (cFUs)
The amount of viable yeast cells in the lungs from Pb18-infected 
mice (3–7 animals per group) was determined after 15 and 
30  days postinfection (dpi). Briefly, lung lobules were asepti-
cally collected, weighed, and homogenized using a sterile tissue 
grinder (IKA®-Werke, Deutschland, Germany). Each homogen-
ate was diluted 1:10 in sterile PBS and plated (100 µL) on BHI agar 
supplemented with 5% FBS and gentamicin (100 µg/mL). Plates 
were incubated at 35–37°C for 7 days, and the amount of CFU per 
gram of tissue was calculated.

histopathology
Comparative histopathology was conducted with excised lung 
lobules from C57BL/6, IL-6−/−, IL-23−/−, and IL-17RA−/− mice at 

30 dpi. Tissue was fixed with 10% formalin for 24 h and embed-
ded in paraffin. Next, lung sections (5 µm) were stained by stand-
ard procedures with hematoxylin and eosin for lesion analysis, 
Grocott methenamine silver stain for fungal cell labeling, or silver 
impregnation (Gomori method) to demonstrate reticulum fib-
ers. Sections were examined with HLIMAGE++ 97 Application 
Western Vision Software using an optical microscope coupled to 
a digital camera. Granulomas were visually scored in mature or 
immature structures according to cellular and reticulin organiza-
tion and distribution, as described before (43, 44). The percentage 
of mature granulomas and the granulomatous diameter were 
calculated. Reticulin measurement was performed in the halo 
surrounding the granulomas as previously described (45).

immunohistochemistry
Lungs from C57BL/6, IL-6−/−, IL-23−/−, and IL-17RA−/− mice 
were immersed in OCT medium (Sakura Finetek), snap-frozen 
in liquid nitrogen, and stored at −80°C until analysis. Tissue 
sections (5  µm) were submitted to an immunohistochemical 
reaction. Briefly, slides were incubated with anti-mouse IgG as 
control or rabbit IgG anti-mouse inducible nitric oxide synthase 
(iNOS) enzyme (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) diluted 100 times in PBS 0.01% saponin. At the end, the 
reaction was followed by Mayer’s hematoxylin counterstaining. 
We measured immunostained areas using Image J software as pre-
viously described (41). Briefly, the range of positivity was defined 
using the IHC Tool box. Next, the images were converted to 8-bit, 
and the grayscale was converted to binary (black and white). The 
threshold was adjusted, and the labeled areas became the black 
portions. Finally, the percentage of stained area was analyzed.

BMDMs Differentiation
Bone marrow cells isolated from femurs and tibias from 7-week-
old C57BL/6, IL-6−/−, IL-23−/−, and IL-17RA−/− naive mice were 
cultured (7  days, 37°C, 5% CO2) in RPMI 1640 medium sup-
plemented with 20% FBS and 30% L-929 cell conditioned media, 
as previously described (46). After differentiation, cells were 
harvested and infected with P. brasiliensis (MOI of 0.04).

isolation of naive T cD4+ cells and  
co-culture with BMDMs
Naive T CD4+ cells were purified from C57BL/6 lymph nodes 
by using the CD4+ MicroBeads Isolation Kit (Miltenyi Biotec) in 
conjunction with an AutoMacs separator. Purified naive T cells 
were cultured for 5  days with P. brasiliensis-infected BMDMs 
from C57BL/6 or IL-6−/− mice (MOI of 0.04). Next, the amount 
of T CD4+IL-17A+ was analyzed by flow cytometry.

adoptive Transfer
After adoptive transference of C57BL/6 BMDMs (1 ×  106, i.v.) 
into IL-6−/−, IL-23−/−, and IL-17RA−/− animals, mice were infected 
with 1 × 106 P. brasiliensis yeast cells, and the CFU was determined 
at day 30 as described above.

statistical analysis
The differences observed between uninfected or Pb18-infected 
wild-type (WT) group (C57BL/6) and IL-6-, IL-17RA-, or 
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FigUre 1 | Paracoccidioides brasiliensis infection increases the in vitro and in vivo IL-17A production. (a,B) Splenocytes from C57BL/6 mice were isolated and 
cultivated (1 × 106) in the presence of or not of viable virulent yeast strain 18 of P. brasiliensis (Pb18) during 5 days (multiplicity of infection of 1). (a) The frequency  
of IL-17A+-producing cells and (B) Th17 (CD4+IL-17A+) cells was determined by flow cytometry. (c–e) C57BL/6 mice were infected with 1 × 106 Pb18 yeast cells 
(intravenously). (c) The level of IL-17A was measured by enzyme-linked immunosorbent assay in the whole lung homogenate after 30 days postinfection (dpi).  
(D) The frequency of IL-17A-producing cells was evaluated in the lungs from uninfected and infected (30 dpi) mice. (e–g) The frequency of natural killer (CD49b+IL-
17A+), Tγδ (γδ+IL-17A+), B (CD19+IL-17A+), IL-17-producing CD8+ T (CD8+IL-17A+), and Th17 cells was assessed in the lungs after 30 dpi. (e) Cells were analyzed 
inside the IL-17-positive gate. (F) Lymphocytes were gated inside the singlet population. One representative mice is shown. (g) Absolute number (bars) and mean 
percentage (above bars) of each IL-17-producing cell population gated inside lymphocytes. Bars represent the mean ± SEM of 5 mice. *p < 0.05 compared to 
non-infected control. Similar results were obtained in three independent experiments.
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IL-23-deficient mice were analyzed by applying the ANOVA test 
followed by multiple comparison using the Bonferroni method 
(GraphPad Prism, GraphPad Software version 5.0, San Diego, 
CA, USA). Values are expressed as mean ± SEM. All values were 
considered significant when p < 0.05.

resUlTs

P. brasiliensis infection increases il-17a 
Production
To evaluate whether fungal cells modulate the IL-17A produc-
tion, splenocytes from C57BL/6 mice were isolated, cultivated 

in the presence of or not of P. brasiliensis, and the frequency of 
IL-17A-producing cells was determined 5 days later. Our results 
showed that the stimulation of spleen cells with viable Pb18 
increased the IL-17A expression (Figure 1A), and the frequency 
of IL-17A-producing CD4 T cells (5.5-fold, p < 0.05; Figure 1B) 
compared to medium alone. Next, to evaluate whether P. bra-
siliensis modulates the Th17 profile in vivo, C57BL/6 mice were 
infected with Pb18 yeast cells, and the IL-17A production was 
determined in the lungs at day 30 postinfection. As expected, we 
observed that Pb18-infected mice exhibited a significant increase 
(~9.5-fold) in IL-17A production compared to uninfected mice 
(Figure 1C). In addition, at 30 dpi, there was an increase in the 
number of IL-17A-producing cells (~4.5-fold; Figure 1D).
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FigUre 2 | Virulent yeast strain 18 of Paracoccidioides brasiliensis (Pb18)-induced IL-6 and IL-23 production improves the establishment of the Th17 profile.  
(a–c) Male C57BL/6, IL-6−/− and IL-23−/− mice were infected with 1 × 106 Pb18 yeast cells (intravenously). (a) IL-6 and IL-23 productions were quantified in the lung 
homogenate from uninfected and Pb18-infected C57BL/6 mice, at 15 and 30 days postinfection (dpi). (B) The IL-17A production was measured in the lung tissue 
from C57BL/6-, IL-6-, and IL-23-deficient mice. (c) The frequency and absolute number of Th17 (CD4+IL-17A+) cells were evaluated in the pulmonary tissue at 0, 
15, and 30 dpi. The data represent the mean ± SEM of five mice and are representative of three independent experiments. Uninfected mice are represented by the 
dashed line. *p < 0.05 compared to uninfected mice. #p < 0.05 compared to Pb18-infected C57BL/6 mice at the same time point.
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Despite the fact that most of the evidence describes IL-17A 
as a cytokine secreted by T cells, part of the IL-17A is produced 
by different cell populations, including innate immune cells (47). 
To determine the major source of IL-17A in the lungs during 
the experimental PCM, we evaluated the frequency and absolute 
number of Th17, Tc17, γδ+IL-17A+, CD49b+IL-17A+ [natural 
killer (NK)], and CD19+IL-17A+ (B cells). Initially, we excluded 
the doublets; delineated a gate comprising lymphocytes, mono-
cytes, and neutrophils; and then a subgate in IL-17-positive 
cells, which allowed us to evaluate the percentage of each cell 
subtype (Figure  1E). The Th17 population was significantly 
increased in comparison with other IL-17-producing cells 
(p < 0.05; Figure 1E). For better and clear results, we next used 
a second gate strategy, which consisted of singlets selection in 
forward scatter height (FSC-H) against forward scatter area 
(FSC-A) (Figure 1F, upper left panel). Next, lymphocytes were 
gated inside the previous population in side scatter area (SSC-A) 
against FSC-A (Figure 1F, upper right panel), and all analyzed 
cell populations were gated inside the lymphocyte population. 
Our data clearly showed the predominance of IL-17A-producing 
CD4+ cells, both in percentage (~5%, Figures 1F,G) or absolute 
number (~9.2  ×  104 cells; Figure  1G), compared with other 
IL-17A+ cells subtypes: CD8 (~1.2%, ~2.5 × 104 cells), γδ (~0.7%, 
~1.7 × 104 cells), NK (~0.3%, ~0.7 × 104 cells), and B lympho-
cytes (~0.1%, ~0.3 × 104 cells) (Figures 1F,G). After evaluating 
the number and frequency of IL-17-producing neutrophils, we 
could not see an increase of this cell subtype in the lungs from 

Pb18-infected mice (data not shown). These findings suggest 
that Th17 cells are the main source of IL-17A during P. brasil-
iensis infection.

The absence of il-6 and il-23 impairs the 
Th17 immune response during 
experimental P. brasiliensis infection
The Th17 subset differentiation requires the presence of IL-6, 
and its maintenance is sustained by IL-23 (13, 14, 16). Thus, 
we evaluated the production of these cytokines in the lungs 
from naive and Pb18-infected mice at 15 and 30 dpi. Our data 
showed that at both time points, the IL-6 and IL-23 levels 
were significantly increased when compared to uninfected 
mice (Figure  2A). To confirm these findings, IL-6−/− and 
IL-23−/− mice were infected with P. brasiliensis yeast cells, and 
the IL-17A levels were evaluated in the pulmonary tissue after 
15 and 30 days. We found that the deficiency of IL-6 or IL-23 
impaired the IL-17A-production, which was ~2.5 times smaller 
than C57BL/6 mice at the same period of infection (p < 0.05; 
Figure 2B). Moreover, when compared to WT mice, we found 
that the frequency and absolute number of IL-17A-producing 
CD4+ T cells were decreased (p < 0.05) in the lung tissue from 
IL-6−/− and IL-23−/− mice at 30  dpi (Figure  2C). These data 
establish the importance of IL-6 and IL-23 in promoting the late 
Th17-immune response during the P. brasiliensis experimental 
infection.
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FigUre 3 | The Th17-associated cytokines contribute to development and organization of granuloma during experimental Paracoccidioides brasiliensis infection. 
(a–e) C57BL/6, IL-6−/−, IL-23−/−, and IL-17 receptor A (IL-17RA)−/− mice were infected with virulent yeast strain 18 of P. brasiliensis (Pb18) (1 × 106 cells, 
intravenously). (a) The number of colony-forming units (CFUs) was determined in the pulmonary tissue after 15 and 30 days postinfection (dpi). (B–D) Lung sections 
of infected mice were stained with (B) Grocott methenamine silver, (c) hematoxylin and eosin, or (D) silver impregnation (Gomori method) at 30 dpi and analyzed by 
light microscopy. Scale bar: 50 µm (B,D) and 100 µm (c). (e) The percentage of mature granulomas and (F) diameter of mature and immature granulomas were 
calculated. (g) Integrated density of reticulin present in the halo surrounding the mature granulomas. (h) The tumor necrosis factor (TNF)-α production was 
measured in the lung homogenate from Pb18-infected mice at 15 and 30 dpi. Similar results were obtained in three independent experiments. Data represent the 
mean ± SEM of five mice. Uninfected mice are represented by the dashed line. *p < 0.05 compared to uninfected mice. #p < 0.05 compared to Pb18-infected 
C57BL/6 mice at the same time point. &p < 0.05 compared to Pb18-infected IL-23−/− mice at the same time point.
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Th17-associated cytokines contribute to 
compact granuloma Formation during the 
experimental P. brasiliensis infection
To verify whether P. brasiliensis-induced Th17-associated 
cytokines are important to control the fungal growth and 
pulmonary infection, we analyzed the amount of CFU and 
the histopathology of lung tissue from Pb18-infected IL-6-, 
IL-23-, and IL-17RA-deficient mice. Our data revealed that 

all deficient mice showed impaired fungal control at both 15 
and 30  days after P. brasiliensis inoculation when compared 
to C57BL/6 mice (p < 0.05; Figure 3A). Likewise, the Grocott 
stain at 30 dpi corroborated a higher fungal load in the lungs 
of all deficient mice when compared to infected C57BL/6 mice 
(Figure 3B), suggesting that Th17-associated cytokines, as IL-6 
and IL-23, are important to control the fungal growth during the 
experimental PCM in mice. To better assess the inflammatory 
process developed during P. brasiliensis infection, we analyzed 
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the histology of pulmonary tissue at 30 dpi. The C57BL/6 mice 
showed bigger and mature granulomas characterized by epithe-
lioid and giant cells surrounded by a peripheral mononuclear 
layer (Figures  3C,E,F). In contrast, most of the granulomas 
from IL-6−/− and IL-17RA−/− mice exhibited an intermediate 
size and immature profile with few lymphocytes forming the 
peripheral ring, associated with a diffuse inflammatory process 
(Figures  3C,E,F). Specifically, the IL-23 deficiency induced 
the formation of numerous well-formed granulomas, but 
with a smaller diameter compared to all Pb18-infected groups 
(Figures 3C,E,F).

Reticulin fibers are composed of type III collagen; besides very 
delicate and fine, they form a firm layer linking the connective 
to the surrounding tissue, being considered a main element of 
alveolar organization (48). We observed a well-organized and 
dense reticulin ring contouring the granulomas in the lungs 
from Pb18-infected C57BL/6 mice (Figures 3D,G). In addition, 
the diminished number of compact granulomas in IL-6−/− and 
IL-17RA−/− pulmonary tissue was associated with a defective 
reticulin halo accumulation and formation (Figures  3D,G). 
Moreover, a tiny reticulin layer surrounded the small mature and 
immature granulomas in the lungs from IL-23-deficient mice at 
30 days post-Pb18 infection (Figures 3D,G).

Since TNF-α is important to the granuloma formation (36, 37),  
we also evaluated the expression of this cytokine in the lung tissue 
from Pb18-infected C57BL/6, IL-6−/−, IL-23−/−, and IL-17RA−/− 
mice. Our data showed that P. brasiliensis infection increased the 
TNF-α production at both evaluated time points (Figure  3H). 
There were no differences in TNF-α levels in the various non-
infected knock-out mice (data not shown). At 15 dpi, all groups 
showed similar TNF-α production. However, when compared to 
C57BL/6 mice, the levels of TNF-α were reduced in all deficient 
mice at 30 dpi (p < 0.05; Figure 3H). These results suggest that 
IL-6, IL-17A, and in less extent, IL-23 modulate the formation 
of organized and compact granulomas during the experimental  
P. brasiliensis infection.

Th17-associated cytokines Promote iFn-γ 
Production and inOs expression during 
the experimental P. brasiliensis infection
Several studies have demonstrated that the Th1-type cytokine 
IFN-γ is implicated in resistance during P. brasiliensis infection, 
inducing cell migration and activation (37, 49). Then, we next 
evaluated the importance of IL-6, IL-17A, and IL-23 in modu-
lating the IFN-γ-production during the experimental PCM. All 
naive knock-out mice showed similar IFN- γ levels (data not 
shown), and these levels were increased after the P. brasiliensis 
infection (Figure  4A). At both evaluated time points, 15 and 
30 dpi, all deficient mice showed a reduction of IFN-γ levels in the 
pulmonary tissue in comparison to C57BL/6 group (Figure 4A). 
These findings suggest that Th17-associated cytokines are 
involved in the IFN-γ production during the experimental PCM 
in mice.

It was previously demonstrated that IFN-γ is able to induce 
fungicidal activity in macrophages through nitric oxide (NO) 
production (50, 51), which is indirectly measured by iNOS 

expression. At 15  dpi, there was increased iNOS expression 
inside the granulomatous structure from C57BL/6 mice, in com-
parison with all analyzed deficient mice at the same time point 
(Figures 4B,C).

Together, these results suggest that the deficiency of Th17-
associated cytokines (IL-6 and IL-23) modulates the IFN-γ 
production and iNOS expression and dampens the fungal death 
during an experimental PCM model.

adoptive Transfer of F4/80+ cells 
restores resistance to P. brasiliensis 
infection in il-6- and il-17ra-Deficient 
Mice
We first showed that ~38% of F4/80+ cells (macrophages) from 
splenocytes cultured with Pb18 yeast cells are able to produce 
IL-6 (Figure 5A). Gate strategy consisted of doublets exclusion in 
FSC-H against FSC-A (data not shown). Next, monocytes were 
gated in SSC-A against FSC-A (Figure 5A, left panel), and then 
the IL-6-positive cells were selected (Figure 5A, middle panel). 
Finally, the IL-6+F4/80+ population was delimited (Figure  5A, 
right panel). We next evaluated the role of IL-6 in Th17 dif-
ferentiation during Pb18 infection. The BMDMs from C57BL/6 
and IL-6−/− mice were co-cultured with naive CD4+ lymphocytes 
isolated from C57BL/6 WT mice, in the presence of or not of 
Pb18 yeast cells. We observed that the frequency and absolute 
number of Th17 cells induced by WT BMDMs were significantly 
higher than that of IL-6−/− BMDMs (p  <  0.05; Figures  5B,C, 
respectively). Overall, these data suggest that the IL-6 produced 
by F4/80+ macrophages induces Th17 cells during the P. brasil-
iensis infection.

To verify the relevance of Th17-associated cytokines over the 
macrophage fungicidal activity during P. brasiliensis infection, 
BMDMs from C57BL/6 mice were transferred to IL-6-, IL-23-, 
and IL-17RA-deficient mice, and the fungal burden was evaluated 
after 30 dpi. To confirm that transferred cells arrive in the lungs, 
we labeled BMDMs from GFP+ mice with F4/80, and at day 7 
after transference, we tracked these cells. We verified a frequency 
of ~7.3% of F4/80+GFP+ cells in the pulmonary tissue (data not 
shown). The IL-6−/− and IL-17RA−/− transferred mice showed 
diminished number of Pb18 yeast cells in comparison with same 
genotypes without transfer (p < 0.05; Figure 6A). However, the 
adoptive transfer of BMDMs did not change the fungal burden in 
IL-23−/− mice (Figure 6A).

Since resistance to P. brasiliensis infection is characterized by 
the presence of mature granulomas, we evaluated the influence 
of macrophages in the granuloma formation. Corroborating 
our previous findings (Figure 3C), the Pb18-infected IL-6- and 
IL-17RA-deficient mice showed diminished capacity to mount 
organized granulomas at 30  dpi when compared to C57BL/6 
group (Figures 6B,C). Surprisingly, the adoptive transfer of WT 
BMDMs restored the ability of IL-6−/− and IL-17RA−/− mice to 
form mature granulomas in the lung tissue (Figures 6B,C). We 
could not observe histological differences in Pb18-infected IL-23-
deficient mice transferred or not with C57BL/6 BMDMs, which 
continued showing small well-formed granulomas in the lungs 
after transference (Figures 6B,D).
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FigUre 4 | Th17-associated cytokines regulate the IFN-γ production and inducible nitric oxide synthase enzyme (iNOS) expression during the experiment of virulent 
yeast strain 18 of Paracoccidioides brasiliensis (Pb18) infection. (a,B) C57BL/6, IL-6−/−, IL-23−/−, and IL-17 receptor A (IL-17RA)−/− mice were infected (intravenously) 
with 1 × 106 Pb18 yeast cells. (a) IFN-γ levels were measured by enzyme-linked immunosorbent assay in the lung homogenate at 15 and 30 days postinfection 
(dpi). (B) Immunohistochemistry was performed in lung tissue to analyze the iNOS expression at 30 dpi. (c) The percentage of the pulmonary area containing iNOS+ 
cells is indicated. Lung sections were stained for iNOS at 30 dpi using immunohistochemistry. Scale bar: 50 µm. Similar results were obtained in three independent 
experiments. Data represent the mean ± SEM of five mice. Uninfected mice are represented by the dashed line. *p < 0.05 compared to uninfected mice. #p < 0.05 
compared to Pb18-infected C57BL/6 mice at the same time point.
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Taken together, our data suggest that Th17-associated 
cytokines are involved in the modulation of immune response 
and granuloma formation during experimental PCM.

DiscUssiOn

The generation of a protective immune response is essential 
for human resistance against infectious diseases, including the 
systemic mycosis caused by P. brasiliensis. If the host innate 
immune response is unable to suppress the infection foci, it is 
followed by cell-mediated immunity (52). Several studies have 
demonstrated that the severe PCM occurs due to the inability to 
develop an effective Th1 response and, therefore, unsuitable for 
the formation of dense granulomas, while Th2 response is ineffi-
cient to contain the spread of infection (53). Since Th17 discovery, 
these cells have been associated with immune response to fungal 
diseases and considered one of the main mechanisms that cause 
resistance to mycosis (23).

In fact, the production of IL-17A is instrumental for protective 
response in an experimental model of P. carinii infection (26). 

In addition, Th17-associated cytokines improve the host control 
against C. albicans and Aspergillus fumigatus, leading to the 
migration of potentially fungicide neutrophils (54). Moreover, 
the presence of IL-17A-producing cells in lesions of PCM patients 
was demonstrated, in an attempt to increase the host immune 
defenses against fungal cells (38, 55). In agreement, here, we dem-
onstrated the increased expression of Th17-associated cytokines 
(IL-6, IL-23, and IL-17A) in the lung tissue after the P. brasiliensis 
infection in mice.

Besides Th17, IL-17A is synthesized by NK cells, γδ T cells, 
neutrophils, and innate lymphoid cells, in a more rapid way than 
T cells due to the constitutive expression of the Th17-associated 
transcription factor RORγt in all these cells subtypes (47). During 
experimental PCM, our results showed that Th17 lymphocytes are 
the main source of IL-17A in the lungs, followed by CD8+ cells. 
The presence of Tc17s in the lungs from P. brasiliensis-infected 
mice or in cutaneous and mucosal lesions from PCM patients was 
showed before (30, 38). Moreover, Tc17 differentiation of naive 
T  lymphocytes was demonstrated in  vitro after Pb18 infection 
(31). During A. fumigatus infection, neutrophils were positive for 
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FigUre 5 | Macrophage-derived IL-6 improves Th17 differentiation during virulent yeast strain 18 of Paracoccidioides brasiliensis (Pb18) experimental infection.  
(a) Splenocytes from C57BL/6 mice were isolated and cultivated in the presence of or not of viable Pb18 yeasts cells during 5 days, and the frequency of 
IL-6-producing F4/80+ macrophages was analyzed by flow cytometry. (B,c) Bone marrow-derived macrophages were differentiated from C57BL/6 and IL-6−/− mice 
and co-cultured with naive T CD4+ cells from C57BL/6 wild-type mice in the presence of or not of Pb18 yeast cells (multiplicity of infection of 0.04) during 5 days. 
Next, the frequency (B) and absolute number (c) of Th17 (CD4+IL-17A+) cells were analyzed by flow cytometry. Similar results were obtained in three independent 
experiments. Data represent the mean ± SEM of five mice. *p < 0.05 compared with C57BL/6 mice.
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intracellular IL-17A expression and also produced this cytokine 
in a Dectin-1- and IL-23-dependent manner (56). However, the 
P. brasiliensis infection did not modulate the IL-17-producing 
neutrophils in the lungs. Moreover, we found that IL-6 is impor-
tant to the protective response during the infection. Similarly, 
previous work demonstrated that IL-6 increases murine resist-
ance to P. brasiliensis yeast cells (57). Previous work highlighted 
the critical roles of IL-1 during early Th17 differentiation and 
expansion/maintenance (11). Our group partially elucidated the 
mechanisms modulated by IL-1 during PCM (58). We have found 
that P. brasiliensis promoted a NLRP3 inflammasome-dependent 
caspase-1 activation to release the bioactive IL-1β, and IL-1R1−/− 
mice displayed a slightly increased survival rate to infection 

compared with the C57BL/6 mice. Moreover, significantly higher 
amounts of the fungus were recovered at 30 dpi in the lungs of the 
IL-1R1-deficient mice, which were contained in organized and 
compact granulomas (58). These data corroborate the idea that 
the absence of cytokines associated with Th17 differentiation may 
increase the susceptibility to experimental PCM.

Granulomas are formed as a consequence of chronic antigen 
persistence, and their formation involves the interaction between 
the antigenic organism and host immune cells (48). During 
primary tuberculosis, IL-17-producing cells are induced, leading 
to IL-17A synthesis, which is a potent inflammatory cytokine 
capable of increase chemokines expression that promotes cell 
recruitment and granuloma organization (59). Similarly, it is 
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FigUre 6 | Adoptive transfer of wild-type F4/80+ macrophages restores the granuloma formation and resistance during Paracoccidioides brasiliensis infection in 
susceptible IL-6- and IL-17 receptor A (IL-17RA)-deficient mice. (a,B) Macrophages (1 × 106), previously differentiated in vitro from C57BL/6 bone marrow-derived 
macrophages (BMDMs), were adoptively transferred to C57BL/6, IL-6−/−, IL-23−/−, and IL-17RA−/− mice, followed by the intravenous infection with 1 × 106 virulent 
yeast strain 18 of P. brasiliensis (Pb18). (a) The number of colony-forming unit (CFU) was determined in the pulmonary tissue at day 30 postinfection. Dashed line 
represents the amount of CFU in C57BL/6 mice. (B) Lung sections of Pb18-infected mice, transferred or not with wild-type BMDMs, were stained with hematoxylin 
and eosin. (c) The percentage of mature granulomas and (D) diameter of mature and immature granulomas was calculated. Scale bar: 100 µm. Similar results were 
obtained in three independent experiments. Data represent the mean ± SEM of five mice. #p < 0.05 compared to Pb18-infected C57BL/6 mice without BMDMs 
transfer (control). &p < 0.05 compared to control IL-23−/−. *p < 0.05 compared with same genotypes without transfer.
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possible that IL-17A is leading to cell migration during experi-
mental PCM, contributing to granuloma formation. Moreover, 
we showed that the Th17-associated cytokine IL-6 constitutes an 
essential molecule involved in granuloma development during 
the P. brasiliensis infection. Here, we established for the first time 
the importance of IL-6 and IL-23 for the Th17 induction/expan-
sion during experimental PCM. According to our results, these 
cytokines play a critical role in the protection against P. brasiliensis 
yeast cells through the induction of mature granuloma formation 
and control of fungal growth.

The resistance observed in some PCM patients is dependent 
on cellular activities mediated by IFN-γ and TNF-α. An efficient 
host immune response and a potent fungicidal activity against 
P. brasiliensis are determined by the synergistic effect between 
these two cytokines (37, 49). Several studies have demonstrated 
that Th17 cells can turn into IFN-γ-expressing T cells (60–62). 

IFN-γ stimulates P. brasiliensis-infected macrophages to secrete 
TNF-α, required for the development and persistence of well-
formed granulomas (36) and is important for host resistance 
against fungal cells (63). Our data showed a diminished IFN-γ 
and TNF-α production in the pulmonary tissue from IL-6−/−, 
IL-23−/−, and IL-17RA−/− mice when compared to C57BL/6 
group. The lower production of IFN-γ and TNF-α correlated 
with impaired granuloma formation in the lung tissue after  
P. brasiliensis infection. In addition, IFN-γ induces inflammatory 
cells to produce NO, which plays a well-documented role in fun-
gal clearance (64). Besides IFN-γ, the NO production in chronic 
inflammation is supported by IL-17A (65, 66). This statement 
justify the decreased iNOS expression inside the granulomatous 
structures in the lung tissue from P. brasiliensis-infected IL-6-, 
IL-23-, and IL-17RA-deficient mice, associated with increased 
fungal load.
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It is known that IL-17A increases the macrophage activity 
and survival (67). However, the importance of macrophages in 
Th17 cell responses is still poorly understood. An inflammatory 
stimulus is able to increase the expression of IL-17A receptors in 
macrophages both in vitro and in vivo (68). Interestingly, myco-
bacterial infection induces a new type of macrophage population, 
different from M1/M2 macrophages, that downregulates T cell 
production of both Th1- and Th2-type cytokines but markedly 
increases the production of IL-17A and IL-22 through upregula-
tion of Th17 cell expansion, via IL-6 and TGF-β, but not IL-21 
and IL-23 (69). Similarly, we found that P. brasiliensis experimen-
tal infection induced IL-6 synthesis even in the early infection, 
and this cytokine is essential to induce a Th17 immune profile. In 
corroboration, we showed that IL-6 deficiency in macrophages is 
associated with abrogated Th17 cell generation, diminished fun-
gal load in the lungs, and absence of organized granulomas. The 
adoptive transfer of IL-6-competent macrophages restored the 
resistance in P. brasiliensis-infected IL-6- and IL-17RA-deficient 
mice, but did not change the granuloma formation and fungal 
clearance in IL-23−/− group.

Taken together, our data suggest that macrophage-produced 
IL-6 and IL-23 are essential to induce a Th17 immune profile, 
which positively regulates the TNF-α, IFN-γ, and iNOS expres-
sion, contributing to mature granuloma formation and conse-
quent better control of P. brasiliensis experimental infection.

eThics sTaTeMenT

Experiments were conducted according to the ethical principles 
of animal research adopted by the Brazilian College of Animal 

Experimentation (COBEA) and approved by the Ethical 
Commission in Animal Research (protocol 095/2010).

aUThOr cOnTriBUTiOns

FT, FR, DC, NK-C, CS, and CM performed the in vitro and in vivo 
experiments. FT, FR, DC, NK-C, and JS designed protocols. FT, 
FR, and DC conducted data analysis. FT, FR, DC, NK-C, CS, 
CM, and JS provided scientific input. JS supervised the project. 
FT reviewed the literature and wrote the manuscript. DC, NK-C, 
and JS provided comments and corrections of the manuscript.

acKnOWleDgMenTs

We are grateful to doctor Marcos Antônio Rossi (in memoriam) 
for precious contribution and to Wander C. R. da Silva and Maria 
Elena Riul for invaluable technical assistance.

FUnDing

The research leading to these results received funding from 
Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq), Coordenação de Aperfeiçoamento Pessoal de Nível 
Superior (CAPES), São Paulo Research Foundation (FAPESP) 
under grant agreement no. 2013/08216-2 (Center for Research 
in Inflammatory Disease), and from the University of São Paulo 
NAP-DIN under grant agreement no. 11.1.21625.01.0. The 
funders had no role in the study design, data collection and 
analysis, decision to publish, or preparation of this manuscript.

reFerences

1. de Oliveira HC, Michaloski JS, da Silva JF, Scorzoni L, de Paula ESAC, 
Marcos CM, et  al. Peptides derived from a phage display library inhibit 
adhesion and protect the host against infection by Paracoccidioides brasil-
iensis and Paracoccidioides lutzii. Front Pharmacol (2016) 7:509. doi:10.3389/
fphar.2016.00509 

2. Coutinho ZF, Silva D, Lazera M, Petri V, Oliveira RM, Sabroza PC, et  al. 
Paracoccidioidomycosis mortality in Brazil (1980–1995). Cad Saude Publica 
(2002) 18(5):1441–54. doi:10.1590/S0102-311X2002000500037 

3. Marques SA. Paracoccidioidomycosis. Clin Dermatol (2012) 30(6):610–5. 
doi:10.1016/j.clindermatol.2012.01.006 

4. McEwen JG, Bedoya V, Patino MM, Salazar ME, Restrepo A. Experimental 
murine paracoccidiodomycosis induced by the inhalation of conidia. J Med 
Vet Mycol (1987) 25(3):165–75. doi:10.1080/02681218780000231 

5. Calich VL, Vaz CA, Burger E. Immunity to Paracoccidioides brasiliensis infec-
tion. Res Immunol (1998) 149(4–5):407–417; discussion 499–500. doi:10.1016/
S0923-2494(98)80764-5 

6. Calich VL, da Costa TA, Felonato M, Arruda C, Bernardino S, Loures FV, et al. 
Innate immunity to Paracoccidioides brasiliensis infection. Mycopathologia 
(2008) 165(4–5):223–36. doi:10.1007/s11046-007-9048-1 

7. Mamoni RL, Nouer SA, Oliveira SJ, Musatti CC, Rossi CL, Camargo ZP, et al. 
Enhanced production of specific IgG4, IgE, IgA and TGF-beta in sera from 
patients with the juvenile form of paracoccidioidomycosis. Med Mycol (2002) 
40(2):153–9. doi:10.1080/mmy.40.2.153.159 

8. Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M,  
et al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and coop-
eratively enhance expression of antimicrobial peptides. J Exp Med (2006) 
203(10):2271–9. doi:10.1084/jem.20061308 

9. Zambrano-Zaragoza JF, Romo-Martinez EJ, Duran-Avelar Mde J, Garcia-
Magallanes N, Vibanco-Perez N. Th17  cells in autoimmune and infectious 
diseases. Int J Inflam (2014) 2014:651503. doi:10.1155/2014/651503 

10. Chen Z, O’Shea JJ. Th17  cells: a new fate for differentiating helper T  cells. 
Immunol Res (2008) 41(2):87–102. doi:10.1007/s12026-007-8014-9 

11. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et  al. 
Critical regulation of early Th17 cell differentiation by interleukin-1 signaling. 
Immunity (2009) 30(4):576–87. doi:10.1016/j.immuni.2009.02.007 

12. Guo L, Wei G, Zhu J, Liao W, Leonard WJ, Zhao K, et al. IL-1 family mem-
bers and STAT activators induce cytokine production by Th2, Th17, and 
Th1  cells. Proc Natl Acad Sci U S A (2009) 106(32):13463–8. doi:10.1073/
pnas.0906988106 

13. Bettelli E, Korn T, Kuchroo VK. Th17: the third member of the effector T cell 
trilogy. Curr Opin Immunol (2007) 19(6):652–7. doi:10.1016/j.coi.2007.07.020 

14. Stockinger B, Veldhoen M. Differentiation and function of Th17 T cells. Curr 
Opin Immunol (2007) 19(3):281–6. doi:10.1016/j.coi.2007.04.005 

15. Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM,  
Mattson JD, et  al. Development, cytokine profile and function of human 
interleukin 17-producing helper T  cells. Nat Immunol (2007) 8(9):950–7. 
doi:10.1038/ni1497 

16. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, 
et al. IL-23 drives a pathogenic T cell population that induces autoimmune 
inflammation. J Exp Med (2005) 201(2):233–40. doi:10.1084/jem.20041257 

17. Graeber KE, Olsen NJ. Th17  cell cytokine secretion profile in host defense 
and autoimmunity. Inflamm Res (2012) 61(2):87–96. doi:10.1007/
s00011-011-0419-1 

18. Chan YR, Liu JS, Pociask DA, Zheng M, Mietzner TA, Berger T, et  al.  
Lipocalin 2 is required for pulmonary host defense against Klebsiella infection. 
J Immunol (2009) 182(8):4947–56. doi:10.4049/jimmunol.0803282 

259

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fphar.2016.00509
https://doi.org/10.3389/fphar.2016.00509
https://doi.org/10.1590/S0102-311X2002000500037
https://doi.org/10.1016/j.clindermatol.2012.01.006
https://doi.org/10.1080/02681218780000231
https://doi.org/10.1016/S0923-2494(98)80764-5
https://doi.org/10.1016/S0923-2494(98)80764-5
https://doi.org/10.1007/s11046-007-9048-1
https://doi.org/10.1080/mmy.40.2.153.159
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1155/2014/651503
https://doi.org/10.1007/s12026-007-8014-9
https://doi.org/10.1016/j.immuni.2009.02.007
https://doi.org/10.1073/pnas.0906988106
https://doi.org/10.1073/pnas.0906988106
https://doi.org/10.1016/j.coi.2007.07.020
https://doi.org/10.1016/j.coi.2007.04.005
https://doi.org/10.1038/ni1497
https://doi.org/10.1084/jem.20041257
https://doi.org/10.1007/s00011-011-0419-1
https://doi.org/10.1007/s00011-011-0419-1
https://doi.org/10.4049/jimmunol.0803282


Tristão et al. Th17-Inducing Cytokines Improve Granuloma Formation

Frontiers in Immunology | www.frontiersin.org August 2017 | Volume 8 | Article 949

19. Ferreira MC, Whibley N, Mamo AJ, Siebenlist U, Chan YR, Gaffen SL. 
Interleukin-17-induced protein lipocalin 2 is dispensable for immunity to 
oral candidiasis. Infect Immun (2014) 82(3):1030–5. doi:10.1128/IAI.01389-13 

20. Laan M, Cui ZH, Hoshino H, Lotvall J, Sjostrand M, Gruenert DC, et  al. 
Neutrophil recruitment by human IL-17 via C-X-C chemokine release in the 
airways. J Immunol (1999) 162(4):2347–52. 

21. Hoshino H, Laan M, Sjostrand M, Lotvall J, Skoogh BE, Linden A. Increased 
elastase and myeloperoxidase activity associated with neutrophil recruitment 
by IL-17 in airways in vivo. J Allergy Clin Immunol (2000) 105(1 Pt 1):143–9. 
doi:10.1016/S0091-6749(00)90189-1 

22. Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, et al. 
Requirement of interleukin 17 receptor signaling for lung CXC chemokine 
and granulocyte colony-stimulating factor expression, neutrophil recruitment, 
and host defense. J Exp Med (2001) 194(4):519–27. doi:10.1084/jem.194.4.519 

23. Romani L. Immunity to fungal infections. Nat Rev Immunol (2011) 11(4): 
275–88. doi:10.1038/nri2939 

24. Hernandez-Santos N, Gaffen SL. Th17 cells in immunity to Candida albicans. 
Cell Host Microbe (2012) 11(5):425–35. doi:10.1016/j.chom.2012.04.008 

25. Perez-Nazario N, Rangel-Moreno J, O’Reilly MA, Pasparakis M, Gigliotti F, 
Wright TW. Selective ablation of lung epithelial IKK2 impairs pulmonary 
Th17 responses and delays the clearance of Pneumocystis. J Immunol (2013) 
191(9):4720–30. doi:10.4049/jimmunol.1301679 

26. Rudner XL, Happel KI, Young EA, Shellito JE. Interleukin-23 (IL-23)-IL-17 
cytokine axis in murine Pneumocystis carinii infection. Infect Immun (2007) 
75(6):3055–61. doi:10.1128/IAI.01329-06 

27. Netea MG, Brown GD, Kullberg BJ, Gow NA. An integrated model of the 
recognition of Candida albicans by the innate immune system. Nat Rev 
Microbiol (2008) 6(1):67–78. doi:10.1038/nrmicro1815 

28. Conti HR, Gaffen SL. Host responses to Candida albicans: Th17  cells and 
mucosal candidiasis. Microbes Infect (2010) 12(7):518–27. doi:10.1016/j.
micinf.2010.03.013 

29. Pandiyan P, Conti HR, Zheng L, Peterson AC, Mathern DR, Hernandez-
Santos N, et  al. CD4(+)CD25(+)Foxp3(+) regulatory T  cells promote 
Th17 cells in vitro and enhance host resistance in mouse Candida albicans 
Th17  cell infection model. Immunity (2011) 34(3):422–34. doi:10.1016/j.
immuni.2011.03.002 

30. Loures FV, Araujo EF, Feriotti C, Bazan SB, Costa TA, Brown GD, et al. Dectin-1 
induces M1 macrophages and prominent expansion of CD8+IL-17+ cells 
in pulmonary paracoccidioidomycosis. J Infect Dis (2014) 210(5):762–73. 
doi:10.1093/infdis/jiu136 

31. Loures FV, Araujo EF, Feriotti C, Bazan SB, Calich VL. TLR-4 cooperates with 
Dectin-1 and mannose receptor to expand Th17 and Tc17 cells induced by 
Paracoccidioides brasiliensis stimulated dendritic cells. Front Microbiol (2015) 
6:261. doi:10.3389/fmicb.2015.00261 

32. Nakae S, Saijo S, Horai R, Sudo K, Mori S, Iwakura Y. IL-17 production from 
activated T cells is required for the spontaneous development of destructive 
arthritis in mice deficient in IL-1 receptor antagonist. Proc Natl Acad Sci  
U S A (2003) 100(10):5986–90. doi:10.1073/pnas.1035999100 

33. Koenders MI, Lubberts E, Oppers-Walgreen B, van den Bersselaar L,  
Helsen MM, Kolls JK, et al. Induction of cartilage damage by overexpression of 
T cell interleukin-17A in experimental arthritis in mice deficient in interleu-
kin-1. Arthritis Rheum (2005) 52(3):975–83. doi:10.1002/art.20885 

34. Lu YJ, Gross J, Bogaert D, Finn A, Bagrade L, Zhang Q, et al. Interleukin-17A 
mediates acquired immunity to pneumococcal colonization. PLoS Pathog 
(2008) 4(9):e1000159. doi:10.1371/journal.ppat.1000159 

35. Okamoto Yoshida Y, Umemura M, Yahagi A, O’Brien RL, Ikuta K, Kishihara K,  
et al. Essential role of IL-17A in the formation of a mycobacterial infection- 
induced granuloma in the lung. J Immunol (2010) 184(8):4414–22. 
doi:10.4049/jimmunol.0903332 

36. Egen JG, Rothfuchs AG, Feng CG, Winter N, Sher A, Germain RN. 
Macrophage and T cell dynamics during the development and disintegration 
of mycobacterial granulomas. Immunity (2008) 28(2):271–84. doi:10.1016/j.
immuni.2007.12.010 

37. Souto JT, Figueiredo F, Furlanetto A, Pfeffer K, Rossi MA, Silva JS. 
Interferon-gamma and tumor necrosis factor-alpha determine resistance 
to Paracoccidioides brasiliensis infection in mice. Am J Pathol (2000) 
156(5):1811–20. doi:10.1016/S0002-9440(10)65053-5 

38. Pagliari C, Fernandes ER, Stegun FW, da Silva WL, Seixas Duarte MI,  
Sotto MN. Paracoccidioidomycosis: cells expressing IL17 and Foxp3 in cuta-
neous and mucosal lesions. Microb Pathog (2011) 50(5):263–7. doi:10.1016/j.
micpath.2010.12.008 

39. Calich VL, Purchio A, Paula CR. A new fluorescent viability test for fungi cells. 
Mycopathologia (1979) 66(3):175–7. doi:10.1007/BF00683967 

40. Moreira AP, Cavassani KA, Massafera Tristao FS, Campanelli AP, Martinez R, 
Rossi MA, et al. CCR5-dependent regulatory T cell migration mediates fungal 
survival and severe immunosuppression. J Immunol (2008) 180(5):3049–56. 
doi:10.4049/jimmunol.180.5.3049 

41. Tristao FS, Rocha FA, Moreira AP, Cunha FQ, Rossi MA, Santana Silva J. 5- 
lipoxygenase activity increases susceptibility to Paracoccidioides brasiliensis 
experimental infection. Infect Immun (2013) 81(4):1256–66. doi:10.1128/
IAI.01209-12 

42. Tristao FS, Rocha FA, Dias FC, Rossi MA, Silva JS. The left lung is preferen-
tially targeted during experimental paracoccidioidomycosis in C57BL/6 mice. 
Braz J Med Biol Res (2013) 46(10):839–43. doi:10.1590/1414-431X20133140 

43. Montenegro MR, Franco M. Pathology. In:  Franco  ML,  da Silva Lacaz  C,  
Restrepo-Moreno  A,  Del Negro  G, editors. Paracoccidioidomycosis. Boca 
Raton: CRC Press (1994). p. 131–50.

44. Mariano M. The experimental granuloma. A hypothesis to explain the 
persistence of the lesion. Rev Inst Med Trop Sao Paulo (1995) 37(2):161–76. 
doi:10.1590/S0036-46651995000200012 

45. Lucero HA, Patterson S, Matsuura S, Ravid K. Quantitative histological image 
analyses of reticulin fibers in a myelofibrotic mouse. J Biol Methods (2016) 
3(4):e60. doi:10.14440/jbm.2016.152 

46. Marim FM, Silveira TN, Lima  DS Jr, Zamboni DS. A method for generation of 
bone marrow-derived macrophages from cryopreserved mouse bone marrow 
cells. PLoS One (2010) 5(12):e15263. doi:10.1371/journal.pone.0015263 

47. Cua DJ, Tato CM. Innate IL-17-producing cells: the sentinels of the immune 
system. Nat Rev Immunol (2010) 10(7):479–89. doi:10.1038/nri2800 

48. Regev D, Surolia R, Karki S, Zolak J, Montes-Worboys A, Oliva O, et al. Heme 
oxygenase-1 promotes granuloma development and protects against dis-
semination of mycobacteria. Lab Invest (2012) 92(11):1541–52. doi:10.1038/
labinvest.2012.125 

49. Alegre AC, Oliveira AF, Dos Reis Almeida FB, Roque-Barreira MC, Hanna ES.  
Recombinant paracoccin reproduces the biological properties of the native 
protein and induces protective Th1 immunity against Paracoccidioides brasil-
iensis infection. PLoS Negl Trop Dis (2014) 8(4):e2788. doi:10.1371/journal.
pntd.0002788 

50. Gonzalez A, de Gregori W, Velez D, Restrepo A, Cano LE. Nitric oxide partic-
ipation in the fungicidal mechanism of gamma interferon-activated murine 
macrophages against Paracoccidioides brasiliensis conidia. Infect Immun 
(2000) 68(5):2546–52. doi:10.1128/IAI.68.5.2546-2552.2000 

51. Nishikaku AS, Molina RF, Ribeiro LC, Scavone R, Albe BP, Cunha CS, 
et  al. Nitric oxide participation in granulomatous response induced by 
Paracoccidioides brasiliensis infection in mice. Med Microbiol Immunol (2009) 
198(2):123–35. doi:10.1007/s00430-009-0113-x 

52. Fortes MR, Miot HA, Kurokawa CS, Marques ME, Marques SA. Immunology 
of paracoccidioidomycosis. An Bras Dermatol (2011) 86(3):516–24. 
doi:10.1590/S0365-05962011000300014 

53. Pagliari C, Sotto MN. Dendritic cells and pattern of cytokines in paracoc-
cidioidomycosis skin lesions. Am J Dermatopathol (2003) 25(2):107–12. 
doi:10.1097/00000372-200304000-00003 

54. Zelante T, De Luca A, Bonifazi P, Montagnoli C, Bozza S, Moretti S, et  al. 
IL-23 and the Th17 pathway promote inflammation and impair antifungal 
immune resistance. Eur J Immunol (2007) 37(10):2695–706. doi:10.1002/
eji.200737409 

55. de Castro LF, Ferreira MC, da Silva RM, Blotta MH, Longhi LN, Mamoni RL.  
Characterization of the immune response in human paracoccidioidomy-
cosis. J Infect (2013) 67(5):470–85. doi:10.1016/j.jinf.2013.07.019 

56. Werner JL, Gessner MA, Lilly LM, Nelson MP, Metz AE, Horn D, et  al. 
Neutrophils produce interleukin 17A (IL-17A) in a dectin-1- and IL-23-
dependent manner during invasive fungal infection. Infect Immun (2011) 
79(10):3966–77. doi:10.1128/IAI.05493-11 

57. Pina A, de Araujo EF, Felonato M, Loures FV, Feriotti C, Bernardino S, et al. 
Myeloid dendritic cells (DCs) of mice susceptible to paracoccidioidomycosis 

260

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/IAI.01389-13
https://doi.org/10.1016/S0091-6749(00)90189-1
https://doi.org/10.1084/jem.194.4.519
https://doi.org/10.1038/nri2939
https://doi.org/10.1016/j.chom.2012.04.008
https://doi.org/10.4049/jimmunol.1301679
https://doi.org/10.1128/IAI.01329-06
https://doi.org/10.1038/nrmicro1815
https://doi.org/10.1016/j.micinf.2010.03.013
https://doi.org/10.1016/j.micinf.2010.03.013
https://doi.org/10.1016/j.immuni.2011.03.002
https://doi.org/10.1016/j.immuni.2011.03.002
https://doi.org/10.1093/infdis/jiu136
https://doi.org/10.3389/fmicb.2015.00261
https://doi.org/10.1073/pnas.1035999100
https://doi.org/10.1002/art.20885
https://doi.org/10.1371/journal.ppat.1000159
https://doi.org/10.4049/jimmunol.0903332
https://doi.org/10.1016/j.immuni.2007.12.010
https://doi.org/10.1016/j.immuni.2007.12.010
https://doi.org/10.1016/S0002-9440(10)65053-5
https://doi.org/10.1016/j.micpath.2010.12.008
https://doi.org/10.1016/j.micpath.2010.12.008
https://doi.org/10.1007/BF00683967
https://doi.org/10.4049/jimmunol.180.5.3049
https://doi.org/10.1128/IAI.01209-12
https://doi.org/10.1128/IAI.01209-12
https://doi.org/10.1590/1414-431X20133140
https://doi.org/10.1590/S0036-46651995000200012
https://doi.org/10.14440/jbm.2016.152
https://doi.org/10.1371/journal.pone.0015263
https://doi.org/10.1038/nri2800
https://doi.org/10.1038/labinvest.2012.125
https://doi.org/10.1038/labinvest.2012.125
https://doi.org/10.1371/journal.pntd.0002788
https://doi.org/10.1371/journal.pntd.0002788
https://doi.org/10.1128/IAI.68.5.2546-2552.2000
https://doi.org/10.1007/s00430-009-0113-x
https://doi.org/10.1590/S0365-05962011000300014
https://doi.org/10.1097/00000372-200304000-00003
https://doi.org/10.1002/eji.200737409
https://doi.org/10.1002/eji.200737409
https://doi.org/10.1016/j.jinf.2013.07.019
https://doi.org/10.1128/IAI.05493-11


Tristão et al. Th17-Inducing Cytokines Improve Granuloma Formation

Frontiers in Immunology | www.frontiersin.org August 2017 | Volume 8 | Article 949

suppress T  cell responses whereas myeloid and plasmacytoid DCs from 
resistant mice induce effector and regulatory T  cells. Infect Immun (2013) 
81(4):1064–77. doi:10.1128/IAI.00736-12 

58. Ketelut-Carneiro N, Silva GK, Rocha FA, Milanezi CM, Cavalcanti-Neto FF, 
Zamboni DS, et al. IL-18 triggered by the Nlrp3 inflammasome induces host 
innate resistance in a pulmonary model of fungal infection. J Immunol (2015) 
194(9):4507–17. doi:10.4049/jimmunol.1402321 

59. Torrado E, Cooper AM. IL-17 and Th17 cells in tuberculosis. Cytokine Growth 
Factor Rev (2010) 21(6):455–62. doi:10.1016/j.cytogfr.2010.10.004 

60. Bending D, De la Pena H, Veldhoen M, Phillips JM, Uyttenhove C,  
Stockinger B, et  al. Highly purified Th17  cells from BDC2.5NOD mice 
convert into Th1-like cells in NOD/SCID recipient mice. J Clin Invest (2009) 
119(3):565–72. doi:10.1172/JCI37865 

61. Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, et al. Late devel-
opmental plasticity in the T helper 17 lineage. Immunity (2009) 30(1):92–107. 
doi:10.1016/j.immuni.2008.11.005 

62. Shimizu J, Takai K, Fujiwara N, Arimitsu N, Ueda Y, Wakisaka S, et  al. 
Excessive CD4+ T cells co-expressing interleukin-17 and interferon-gamma 
in patients with Behcet’s disease. Clin Exp Immunol (2012) 168(1):68–74. 
doi:10.1111/j.1365-2249.2011.04543.x 

63. Figueiredo F, Alves LM, Silva CL. Tumour necrosis factor production in vivo 
and in vitro in response to Paracoccidioides brasiliensis and the cell wall fractions 
thereof. Clin Exp Immunol (1993) 93(2):189–94. doi:10.1111/j.1365-2249.1993.
tb07964.x 

64. Nascimento FR, Calich VL, Rodriguez D, Russo M. Dual role for nitric oxide 
in paracoccidioidomycosis: essential for resistance, but overproduction asso-
ciated with susceptibility. J Immunol (2002) 168(9):4593–600. doi:10.4049/
jimmunol.168.9.4593 

65. Mazzoni A, Bronte V, Visintin A, Spitzer JH, Apolloni E, Serafini P, et  al. 
Myeloid suppressor lines inhibit T cell responses by an NO-dependent mech-
anism. J Immunol (2002) 168(2):689–95. doi:10.4049/jimmunol.168.2.689 

66. Miljkovic D, Trajkovic V. Inducible nitric oxide synthase activation by inter-
leukin-17. Cytokine Growth Factor Rev (2004) 15(1):21–32. doi:10.1016/j.
cytogfr.2003.10.003 

67. Sergejeva S, Ivanov S, Lotvall J, Linden A. Interleukin-17 as a recruitment and 
survival factor for airway macrophages in allergic airway inflammation. Am 
J Respir Cell Mol Biol (2005) 33(3):248–53. doi:10.1165/rcmb.2004-0213OC 

68. Barin JG, Baldeviano GC, Talor MV, Wu L, Ong S, Quader F, et  al. 
Macrophages participate in IL-17-mediated inflammation. Eur J Immunol 
(2012) 42(3):726–36. doi:10.1002/eji.201141737 

69. Tatano Y, Shimizu T, Tomioka H. Unique macrophages different from M1/M2 
macrophages inhibit T cell mitogenesis while upregulating Th17 polarization. 
Sci Rep (2014) 4:4146. doi:10.1038/srep04146 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Tristão, Rocha, Carlos, Ketelut-Carneiro, Souza, Milanezi and 
Silva. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

261

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/IAI.00736-12
https://doi.org/10.4049/jimmunol.1402321
https://doi.org/10.1016/j.cytogfr.2010.10.004
https://doi.org/10.1172/JCI37865
https://doi.org/10.1016/j.immuni.2008.11.005
https://doi.org/10.1111/j.1365-2249.2011.04543.x
https://doi.org/10.1111/j.1365-2249.1993.tb07964.x
https://doi.org/10.1111/j.1365-2249.1993.tb07964.x
https://doi.org/10.4049/jimmunol.168.9.4593
https://doi.org/10.4049/jimmunol.168.9.4593
https://doi.org/10.4049/jimmunol.168.2.689
https://doi.org/10.1016/j.cytogfr.2003.10.003
https://doi.org/10.1016/j.cytogfr.2003.10.003
https://doi.org/10.1165/rcmb.2004-
0213OC
https://doi.org/10.1002/eji.201141737
https://doi.org/10.1038/srep04146
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


January 2018 | Volume 8 | Article 1987

Original research
published: 19 January 2018

doi: 10.3389/fimmu.2017.01987

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Amariliz Rivera,  

New Jersey Medical School,  
United States

Reviewed by: 
Karen L. Wozniak,  

Oklahoma State University,  
United States  

Michal Adam Olszewski,  
University of Michigan,  

United States

*Correspondence:
Salman T. Qureshi  

salman.qureshi@mcgill.ca

Specialty section: 
This article was submitted to 

Microbial Immunology,  
a section of the journal  

Frontiers in Immunology

Received: 25 September 2017
Accepted: 21 December 2017

Published: 19 January 2018

Citation: 
Shourian M, Ralph B, Angers I, 

Sheppard DC and Qureshi ST (2018) 
Contribution of IL-1RI Signaling to 
Protection against Cryptococcus 

neoformans 52D in a Mouse  
Model of Infection.  

Front. Immunol. 8:1987.  
doi: 10.3389/fimmu.2017.01987

contribution of il-1ri signaling to 
Protection against Cryptococcus 
neoformans 52D in a Mouse Model  
of infection
Mitra Shourian1,2, Ben Ralph 3,4, Isabelle Angers 2,5, Donald C. Sheppard 3,4,6  
and Salman T. Qureshi 1,2,5,6*

1 Division of Experimental Medicine, McGill University, Montreal, QC, Canada, 2 Meakins-Christie Laboratories, McGill 
University, Montreal, QC, Canada, 3 Program in Infectious Diseases and Immunology in Global Health, Centre for 
Translational Biology, The Research Institute of the McGill University Health Center (RI-MUHC), Montreal, QC, Canada, 
4 Department of Microbiology and Immunology, McGill University, Montreal, QC, Canada, 5 Program in Translational Research 
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Interleukin-1 alpha (IL-1α) and interleukin-1 beta (IL-1β) are pro-inflammatory cytokines 
that are induced after Cryptococcus neoformans infection and activate the interleukin-1 
receptor type I (IL-1RI). To establish the role of IL-1RI signaling in protection against cryp-
tococcal infection, we analyzed wild-type (WT) and IL-1RI-deficient (IL-1RI−/−) mice on 
the BALB/c background. IL-1RI−/− mice had significantly reduced survival compared to 
WT mice after intratracheal challenge with C. neoformans 52D. Microbiological analysis 
showed a significant increase in the lung and brain fungal burden of IL-1RI−/− compared to 
WT mice beginning at weeks 1 and 4 postinfection, respectively. Histopathology showed 
that IL-1RI−/− mice exhibit greater airway epithelial mucus secretion and prominent 
eosinophilic crystals that were absent in WT mice. Susceptibility of IL-1RI−/− mice was 
associated with significant induction of a Th2-biased immune response characterized by 
pulmonary eosinophilia, M2 macrophage polarization, and recruitment of CD4+ IL-13+ 
T cells. Expression of pro-inflammatory [IL-1α, IL-1β, TNFα, and monocyte chemoattrac-
tant protein 1 (MCP-1)], Th1-associated (IFNγ), and Th17-associated (IL-17A) cytokines 
was significantly reduced in IL-1RI−/− lungs compared to WT. WT mice also had higher 
expression of KC/CXCL1 and sustained neutrophil recruitment to the lung; however, 
antibody-mediated depletion of these cells showed that they were dispensable for lung 
fungal clearance. In conclusion, our data indicate that IL-1RI signaling is required to 
activate a complex series of innate and adaptive immune responses that collectively 
enhance host defense and survival after C. neoformans 52D infection in BALB/c mice.

Keywords: Cryptococcus neoformans, fungal pneumonia, interleukin-1, interleukin-1 receptor, lung inflammation, 
cytokines, macrophage polarization, lymphocyte differentiation

inTrODUcTiOn

Cryptococcus neoformans is an encapsulated yeast that is estimated to cause approximately 223,000 
cases of meningitis each year and is responsible for 15% of AIDS-related deaths (1). In healthy 
individuals, inhalation of infectious propagules is usually contained in the lung, but among those 
with a defective immune response, uncontrolled replication may result in dissemination to other 
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parts of the body with a tropism for the brain (2, 3). Severe cryp-
tococcal disease occurs primarily in patients with uncontrolled 
HIV/AIDS and is also found in solid organ transplant recipients, 
those receiving exogenous immunosuppression, patients with 
primary or acquired immunodeficiency, and increasingly among 
immunologically normal hosts (4–7).

The pattern of cytokine expression is a crucial determinant 
of the pathogenesis of cryptococcal infection (3, 8–11). Th1-type 
cytokines [interleukin (IL)-12 and IFNγ] promote phagocytosis 
by dendritic cells (DCs) and polarize macrophages toward a 
classically activated phenotype (M1), thereby increasing fungal 
clearance (12–15). On the other hand, Th2-type cytokines (IL-
4, IL-5, and IL-13) are associated with a significant eosinophil 
chemotaxis to the lungs and induction of alternatively activated 
(M2) macrophages that facilitate cryptococcal proliferation and 
dissemination (16–18). There is some evidence that Th17-type 
cytokines (IL-17A and IL-23) contribute to protection against 
infection with wild-type (WT) C. neoformans; however, they 
appear to be less effective compared to Th1-type cytokines 
(19–23). Inhibition of IL-17A expression or signaling had no 
significant effect on M1 macrophage polarization, resolution of 
infection, or survival in mice infected with C. neoformans H99 
that has been engineered to express IFNγ (24, 25). Finally, a 
prospective analysis of HIV-infected humans suggested a poten-
tial role for IL-17 in the immunopathogenesis of cryptococcal 
meningitis; however, further studies are required to confirm this 
hypothesis (26).

The mechanisms that initiate and regulate the innate immune 
response against C. neoformans infection are not fully understood. 
The interaction of C. neoformans with host cells triggers production 
of several pro-inflammatory cytokines including TNFα, IL-6, and 
IL-1 (27–30). Both interleukin-1 alpha (IL-1α) and interleukin-1 
beta (IL-1β) are induced during cryptococcal infection in vitro 
(27, 28, 31–34) and in vivo (35–40) in a NLRP3-dependent man-
ner, and internalization of opsonized encapsulated cryptococci 
has been shown to activate the canonical NLRP3–ASC–caspase-1 
and non-canonical NLRP3–ASC–caspase-8 inflammasome  
(34, 41). The magnitude of IL-1 expression between inbred mice 
with different genetic backgrounds has also been associated with 
natural resistance or susceptibility to progressive cryptococcal 
infection (35). After intratracheal infection with C. neoformans 
52D, the level of IL-1β expression was 11-fold higher in the 
lungs of resistant SJL/J inbred mice compared to the susceptible 
C57BL/6 inbred strain. A subsequent analysis of WT and inter-
leukin-1 receptor (IL-1R)-deficient mice on the C57BL/6 genetic 
background did not identify significant differences in survival or 
fungal dissemination after intranasal infection with C. neofor-
mans H99; however, at day 12 postinfection, the IL-1R−/− mice 
had a modest elevation of lung fungal burden (37).

Given the essential role for cytokine-mediated inflammation 
and the evidence for IL-1α and IL-1β induction in response to 
C. neoformans, we hypothesized that the contribution of IL-1R-
dependent signaling to host defense may have been underesti-
mated by infection of WT and IL-1R−/− mice on the susceptible 
C57BL/6 genetic background with a highly virulent C. neofor-
mans strain. To test this hypothesis, we performed intratracheal 
inoculation of inbred BALB/c mice and IL-1R−/− mice on the 

same genetic background with C. neoformans 52D and analyzed 
fungal burden and immune responses at serial time points. This 
approach was chosen to model the process of natural infection in 
a relatively resistant host with a moderately virulent cryptococ-
cal strain. Our findings demonstrate that IL-1RI−/− mice had a 
significantly higher fungal burden in the lungs and brains as well 
as a significantly higher mortality compared to BALB/c mice. In 
IL-1RI−/− mice, C. neoformans 52D infection was associated with 
heightened lung eosinophilia, elevated airway mucus secretion, 
and a greater percentage of M2 macrophages and CD4+ Th2 cells 
along with significantly fewer lung neutrophils, DCs, Th1, and 
Th17 cells. Taken together, this study shows that IL-1R-dependent 
signaling contributes to protection against C. neoformans 52D 
infection in BALB/c mice by triggering a complex innate and 
adaptive immune response and raises the possibility that modula-
tion of this signaling axis could be a potential therapeutic strategy.

MaTerials anD MeThODs

Mice
Inbred BALB/c mice were purchased from Charles River and 
maintained in our facility. IL-1RI−/− mice were purchased from 
Jackson Labs and backcrossed to BALB/c for 10 generations. Mice 
were provided with sterile food and water and cared for according 
to the Canadian Council on Animal Care guidelines. All experi-
ments were performed using 7- to 9-week-old male and female 
mice. Mice were humanely euthanized with CO2 upon completion 
of experiments, and every effort was made to minimize suffering. 
All experimental protocols were reviewed and approved by the 
McGill University Animal Care Committee.

Cryptococcus neoformans
Cryptococcus neoformans 52D (ATCC 24067) was grown and 
maintained on Sabouraud dextrose agar (SDA; BD, Becton 
Dickinson and Company). To prepare an infectious dose, a single 
colony was suspended in Sabouraud dextrose broth (BD) and 
grown to early stationary phase (48 h) at room temperature on a 
rotator. The stationary phase culture was then washed with sterile 
phosphate-buffered saline (PBS), counted on a hemocytometer, 
and diluted to 2 × 105 CFU/ml in sterile PBS. The fungal con-
centration of the experimental dose was confirmed by plating a 
dilution of the inoculum on SDA and counting the CFU after 72 h 
of incubation at room temperature.

intratracheal infection with C. neoformans
For intratracheal administration of C. neoformans, mice were 
anesthetized with 150  mg/kg of ketamine (Ayerst Veterinary 
Laboratories) and 10 mg/kg of xylazine (Bayer) intraperitoneally. 
A small skin incision was made below the jaw along the trachea, 
and the underlying glands and muscle were separated. Infection 
was performed by intratracheal injection of 104 C. neoformans 
in 50 µl PBS through a 22-gauge catheter via a 1-ml tuberculin 
syringe. The incision was closed using the 9-mm EZ clip wound 
closing kit (Stoelting CO), and mice were monitored daily after 
surgery.
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Tissue isolation and cFU assay
After mice were euthanized with CO2, their lungs, spleen, and 
brain were excised and placed in sterile, ice-cold PBS. Tissues 
were then homogenized using a glass tube and pestle attached to 
a mechanical tissue homogenizer (Glas-Col) and plated at various 
dilutions on SDA. Plates were incubated at 37°C for 72  h, and 
CFU were counted. For survival analyses, mice were inoculated 
as stated above and monitored twice daily for up to 110  days 
postinfection.

histopathological analysis
After euthanasia, lungs were perfused with ice-cold PBS via the 
right ventricle of the heart. Using 10% buffered formalin acetate 
(Fisher Scientific), the lungs were inflated to a pressure of 25 cm 
H2O and fixed overnight. Subsequently, lungs were embedded in 
paraffin, sectioned at 5 µm, and stained with hematoxylin–eosin 
(H&E), periodic acid–Schiff (PAS), or mucicarmine reagents at 
the Histology Facility of the Goodman Cancer Research Centre 
(McGill University). Representative photographs of lung sections 
were taken using a BX51 microscope (Olympus), QICAM Fast 
1394 digital charge-coupled device camera (QImaging), and 
Image-Pro Plus software version 7.0.1.658 (Media Cybernetics).

Flow cytometry
Lungs were excised using sterile technique and placed in 
RPMI (Gibco, Invitrogen) supplemented with 10% fetal bovine 
serum (Wisent). Subsequently lungs were minced using surgi-
cal blades and incubated with 1 mg/ml collagenase (Sigma) at 
37°C for 1 h. After incubation, lung pieces were passed through 
a 16-gauge needle and filtered through a 70-µm cell strainer 
(BD). Red blood cells were removed using ACK lysis buffer, 
cells were counted with a hemacytometer using trypan blue dye, 
and 5 × 106 cells in 100 µl FACS buffer/well were dispensed in 
96-well plates. Fc receptors were blocked with the addition of 
unlabeled anti-CD16/32 antibodies [93; eBioscience (eBio)], 
and single-cell suspensions were stained with the following 
fluorescence-conjugated anti-mouse monoclonal antibodies 
purchased from eBio, BD, and BioLegend: CD45 (30-F11), B220 
(RA3-6B2), CD3e (145-2C11), CD4 (GK1.5), CD8 (53-6.7), 
CD49b (DX5), γδ TCR (GL3), CD11b (M1/70), CD11c (N418), 
MHCII (M5/114.15.2), Ly6G (1A8), CD86 (GL1), CD80 (16-
10A1), CD64 (X54-5/7.1), CD24 (M1/69), SiglecF (E50-2440), 
CD103 (2E7), Ly6C (HK1.4), and CD206 (C068C2). Non-viable 
cells were excluded using a fixable viability dye reagent (eBio). 
Lineage negative cells (Lin−) were defined as CD45+ cells that did 
not express any other surface markers in this panel. Data were 
acquired using a LSRFortessa flow cytometer (BD) and analyzed 
using Flow Jo software. The absolute number of leukocytes was 
determined by multiplying the percentage of CD45+ cells by the 
total number of counted cells.

intracellular staining
Lungs were processed as described above, and 5 × 106 cells/well 
were dispensed in 96-well plates. For cytokine analysis, cells were 
stimulated for 4 h with phorbol 12-myristate 13-acetate (PMA) 
and calcium ionophore (ionomycin) in the presence of brefeldin 

A (GolgiPlug) for the final 3 h. Cells were then washed, blocked 
with anti-CD16/32 antibodies, and stained with the surface 
antibodies. Cells were then fixed, permeabilized, and stained 
with IL-13 (eBio13A), IFNγ (XMG1.2), and IL-17A (17B7). 
Intracellular staining for Nos2 (CXNFT) was done as described 
for cytokines without PMA and ionomycin stimulation. Data 
were acquired using a LSRFortessa flow cytometer with gating 
determined by fluorescence-minus-one controls and analyzed 
using FlowJo software.

Total lung cytokine and chemokine 
Production
Mice were euthanized and lungs flushed with 10 ml of ice-cold 
PBS. Whole lungs were homogenized in 2  ml PBS with Halt 
protease and phosphatase inhibitor cocktail (Fisher Scientific) 
using a sterilized glass tube and pestle attached to a mechani-
cal tissue homogenizer (Glas-Col) and spun at 12,000  rpm 
for 20  min. Supernatants were collected, and aliquots were 
stored at −80°C for further analysis. The following cytokines 
and chemokines in whole-lung protein samples were analyzed 
using DuoSet enzyme-linked immunosorbent assay kits (R&D 
Systems): TNFα (DY410), IL-6 (DY406), IL-1β (DY401), IL-1α 
(DY400), monocyte chemoattractant protein 1 (MCP-1; MJE00), 
IL-12/IL-23P40 (DY2398), IFNγ (DY485), CXCL1/KC (DY453), 
IL-17A (DY421), and IL-13 (DY413).

neutrophil Depletion
BALB/c mice received an intratracheal inoculum of 1 × 104 CFU 
of C. neoformans strain 52D. Mice were treated with 100  µl of 
PBS or 200  µg of anti-1A8 antibody (Bio X Cell) in a volume 
of 100 µl, 1 day before infection and daily during the study. At 
day 12 postinfection, lungs were excised, and fungal burden was 
analyzed.

statistical analysis
To test the significance of single comparisons, an unpaired 
Student’s t-test was applied with a threshold P  ≤  0.05. For all 
experiments, the mean and SEM is shown. Survival curves 
were analyzed by the log-rank test. All statistical analysis was 
performed with GraphPad Prism software version 6 (GraphPad 
Software Inc.).

resUlTs

il-1ri−/− Mice have impaired survival and 
an increased Fungal Burden in the lung, 
Brain, and spleen following C. neoformans 
52D infection
To investigate the role of IL-1RI-mediated signaling after  
C. neoformans 52D infection, we constructed IL-1RI−/− mice 
on the BALB/c background by repeated backcrossing. We chal-
lenged mice with C. neoformans 52D and measured the survival 
rate and tissue fungal burden. No deaths were observed in WT 
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FigUre 1 | Interleukin-1 receptor type I (IL-1RI) signaling is required for survival and control of fungal burden after infection with Cryptococcus neoformans 52D. 
Wild-type (WT) and IL-1RI-deficient (IL-1RI−/−) mice were infected intratracheally with 104 CFU of C. neoformans strain 52D. (a) Mice were observed for up to 
110 days for survival analysis (n = 12 mice/strain, using a log-rank test). (B–D) Fungal burden in the lung, brain, and spleen at serial time intervals was determined 
by plating tissue homogenates on Sabouraud dextrose agar. CFU data are shown as mean ± SEM and representative of two independent experiments (n = 6–15 
mice/strain/time point). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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mice; however, IL-1RI−/− mice started to die at 40 days postin-
fection and had a 73% mortality rate at 100 days postinfection 
(Figure 1A). Microbiological analysis also showed a significant 
increase of fungal burden in IL-1RI−/− mice compared to the 
WT strain at all time points tested (Figure 1B). Importantly, a 
significant difference in lung fungal burden was observed at 
7 days postinfection, suggesting that the IL-1RI signaling affects 
the initial host response to C. neoformans infection. At 35 days 
postinfection, there was almost a 20-fold increase of lung CFU 
in the IL-1RI−/− compared to the WT strain. Analysis of the 
spleen showed a trend toward higher CFU in the IL-1RI−/− mice 
compared to the WT strain that reached statistical significance at 
day 14 postinfection (Figure 1C). Analysis of the brain showed 
comparable CFU in both strains at 14 days postinfection; how-
ever, at 35  days postinfection, all of the WT mice had cleared 
the infection, while 10 of 16 (62%) of IL-1RI−/− mice still had 
detectable fungal growth (Figure 1D). Taken together, these data 
establish a role for IL-1R-mediated signaling in controlling fungal 
growth in the lungs and brain, limiting organ dissemination, and 
increasing survival after C. neoformans 52D infection.

an altered Pattern of Pulmonary 
inflammation is Present in il-1ri−/− lungs 
following C. neoformans 52D infection
The significant differences in survival and fungal burden 
between WT and IL-1RI−/− mice prompted us to investigate the 
effect of IL-1RI signaling on lung pathology after infection with 
C. neoformans 52D. Histopathological analysis was conducted at 
35 days postinfection to correspond with the greatest difference 
in fungal burden prior to the onset of mortality (Figures 2A–C). 
H&E staining revealed that WT mice displayed abundant lung 
leukocyte infiltration that was almost absent in the IL-1RI−/− 
strain. Notably, eosinophilic crystals that have been associated 
with alternatively activated macrophages in C. neoformans 52D 
infection were clearly observed in IL-1RI−/− lung sections but 
were absent in the WT. Mucicarmine staining of the cryptococ-
cal cell wall showed that most fungi were located within WT 
phagocytes with only a few visible extracellular organisms in the 
parenchyma or airways. In contrast, IL-1RI−/− sections showed 
lung parenchyma that was filled with heavily encapsulated 
extracellular cryptococci. PAS staining clearly revealed mucus 
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FigUre 2 | Decreased inflammation in the lungs of interleukin-1 receptor type I-deficient (IL-1RI−/−) mice following infection with Cryptococcus neoformans 52D. 
Wild-type (WT) and IL-1RI−/− mice were infected intratracheally with 104 CFU of C. neoformans 52D. Lungs were harvested at day 35 postinfection; perfused with 
phosphate-buffered saline; embedded in paraffin; and stained with hematoxylin–eosin (H&E), mucicarmine, or periodic acid–Schiff (PAS). Representative H&E 
images (a) show a significant reduction of inflammation in IL-1RI−/− compared to WT mice; the black arrow points to eosinophilic crystals in IL-1R−/− lung. 
Mucicarmine staining (B) shows numerous heavily encapsulated extracellular C. neoformans in the airspaces of IL-1RI−/− mice compared to WT mice. 
Representative images of lungs stained with PAS (c) show goblet cell hyperplasia and mucus in the airways of infected IL-1RI−/− mice compared to WT mice.  
Each image is representative of 100 fields examined (n = 4 mice/strain from two independent experiments).
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secretion by airway epithelial cells in IL-1RI−/− mice that was 
not observed in the airways of WT mice. Taken together, this 
histopathological analysis confirmed the results of the lung 
fungal burden studies and demonstrated reduced inflammation 
with signs of Th2 polarization in IL-1RI−/− mice compared to the 
WT strain.

inflammatory cytokine and chemokine 
Production is Decreased in the lungs of 
il-1ri−/− Mice following C. neoformans 
52D infection
To determine the effect of IL-1RI signaling on the production 
of soluble inflammatory mediators, WT and IL-1RI−/− mice 
were infected with C. neoformans 52D, and the concentration 
of pro-inflammatory cytokines (IL-1α, IL-1β, TNFα, and IL-6), 
chemokines (MCP-1 and KC), Th1-associated cytokines (IFNγ 
and IL-12), and representative Th2-associated (IL-13) and Th17-
associated (IL-17A) cytokines was measured in whole-lung 

homogenates at serial time points (Figure  3). No significant 
differences in the level of these mediators were observed between 
two strains prior to infection. In WT mice, both IL-1α and IL-1β 
were produced in the lungs at day 7 postinfection and continued 
to increase until day 14 postinfection. Compared to WT, IL-1RI−/− 
mice had significantly lower production of these two cytokines 
at day 14 postinfection. The production of TNFα, MCP-1, and 
KC was significantly higher in WT compared to IL-1RI−/− mice 
at day 14 postinfection. Significantly greater production of IFNγ 
and IL-17A was also observed in the lungs of WT mice compared 
to IL-1RI−/− at day 14 postinfection. IL-13 production did not 
differ between strains at day 7 and day 14 postinfection, although 
a modest increase was observed in IL-1R−/− mice compared to 
WT at day 21 postinfection. In summary, BALB/c mice exhibited 
significantly greater production of pro-inflammatory, Th1, and 
Th17 cytokines, as well as chemokines, compared to IL-1RI−/− 
mice; these findings demonstrate a broad effect of IL-1RI signal-
ing on the lung inflammatory response after C. neoformans 52D 
infection.
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il-1ri−/− Mice exhibit reduced neutrophil 
and increased eosinophil recruitment to 
the lungs following C. neoformans 52D 
infection
To characterize the effect of IL-1RI signaling on the cellular 
immune response after C. neoformans infection, flow cytom-
etry analysis of whole-lung digests was performed on WT and 
IL-1RI−/− mice at serial time points postinfection. A comprehen-
sive gating strategy was used for the identification of resident 
and recruited myeloid cell subsets (Figure 4) (42–44). Prior to 

infection, no significant difference was observed in the total 
number of lung leukocytes between the two strains. The total 
number of CD45+ cells peaked at day 14 in both strains; however, 
it was significantly higher in WT compared to IL-1RI−/− mice 
at 14 and 21 days postinfection (Figure 5A). At 7 days postin-
fection neutrophils (CD11c−, CD11b+, and Ly6Ghigh) were the 
most frequent leukocyte subset in both strains; however, their 
percentage and total number was significantly higher in the 
WT compared to the IL-1RI−/− at 14 and 21  days postinfec-
tion (Figures  5B,C). Conversely, the percentage and number 
of lung eosinophils (CD11c−, CD11b+, Siglec F+, and CD24+) 
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FigUre 3 | Interleukin-1 receptor type I-deficient (IL-1RI−/−) lungs have decreased inflammatory cytokine and chemokine production after Cryptococcus neoformans 
52D infection. Whole-lung protein was collected at 0, 7, 14, and 21 days postinfection with 104 CFU of C. neoformans 52D. Enzyme-linked immunosorbent assay 
was performed to determine the level of pro-inflammatory cytokines (a–c, e), chemokines (D, F), and Th1/Th2/Th17-type cytokines (g–J). Data are shown as 
mean ± SEM and representative of two independent experiments (n = 4 mice/strain/time point). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. MCP-1, monocyte 
chemoattractant protein 1.
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was significantly higher in IL-1RI−/− mice compared to the WT 
strain at 14 and 21 days postinfection (Figures 5D,E). These data 
suggest that IL-1R signaling plays an important role in recruit-
ment of neutrophils during the host response to C. neoformans 
52D infection. In the absence of IL-1R, mice develop significant 
and sustained lung eosinophilia that is associated with a higher 
fungal burden.

To evaluate the functional significance of early and sustained 
neutrophil recruitment to the lungs of BALB/c mice after infec-
tion with C. neoformans 52D, the effect of antibody-mediated 
depletion on tissue fungal burden and lung cell infiltration was 
characterized. Briefly, WT mice received 200 µg of anti-Ly6G 
antibody (clone 1A8) in a volume of 100 µl via intraperitoneal 
injection 24 h before infection and daily thereafter. To capture 
the overall effect of neutrophil depletion during the innate 
and adaptive phases of immunity, lung fungal burden was 
determined at 12 days postinfection. Interestingly, this analysis 
showed that neutrophil-depleted mice had a significantly lower 

cryptococcal burden in the lungs compared to control mice 
(Figures 5F–G).

il-1ri−/− Mice recruit Fewer Monocyte-
Derived Dc and Macrophages to the lung 
following C. neoformans 52D infection
Inflammatory monocyte-derived macrophages (ExMs) and DCs 
are important for protection against C. neoformans infection  
(45, 46). We investigated the effect of IL-1RI signaling on the 
number of resident and monocyte-derived myeloid cells by har-
vesting lungs at different times postinfection and analyzing cells 
by flow cytometry. No significant difference in the percentage of 
pDCs, CD103+ DCs, and CD11b+ cDCs was observed in the lungs 
of BALB/c and IL-1R−/− mice after C. neoformans 52D infection; 
however, at day 21 postinfection, there was a significantly higher 
percentage and number of AMs in BALB/c compared to IL-1R−/− 
mice (Figures 6 A,B,D). As both monocyte-derived ExMs and 
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FigUre 4 | Flow cytometry gating strategy used to identify myeloid cell subsets in the lungs after Cryptococcus neoformans 52D infection. Lung cell suspensions 
were stained with fluorochrome-labeled antibodies and analyzed as described in Section “Materials and Methods.” Representative gating plots for CD45+ subsets 
are shown; neutrophils (CD11c−, CD11b+, and Ly6Ghigh), eosinophils (CD11c−, CD11b+, Ly6G low/negative, CD24+, and SiglecF+), monocytes (CD11c−, CD11b+, 
Ly6G low/negative, CD64+, and Ly6Chigh), AMs (CD11c+, CD11b−, CD64+, SiglecF+, and AF+), CD103+DCs (CD11c+, CD11b−, CD24+, CD103+, and MHCII+), pDCs 
(CD11c+, CD11b−, CD24+, CD103−, and MHCII+), cDCs (CD11c+, CD11b+, CD64−, CD24+, and MHCII+), mDCs (CD11c+, CD11b+, CD24−, CD64+, AF−, MHCIIhigh, 
and Ly6C+/−), and ExMs (CD11c+, CD11b+, CD24−, CD64+, AF+, MHCII+, and Ly6C+/−).
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DCs are CD11b+, CD11c+, CD24−, MHCII+, and CD64+, we used 
autofluorescence to distinguish macrophages from DCs (42, 45, 47)  
(Figure 4). This analysis showed comparable recruitment of both 
cell types between the two strains at day 7 postinfection; however, 
WT mice had a significantly higher number of inflammatory DCs 
(days 14 and 21) and ExMs (day 21) compared to IL-1RI−/− mice 
(Figures 6C,E).

The macrophage polarization pattern is also important for 
protection against cryptococcal infection (8, 48). Classically 
activated macrophages (M1) that express high levels of pro-
inflammatory cytokines and costimulatory molecules, produce 
high levels of reactive nitrogen and oxygen intermediates, and 
promote strong IL-12-mediated Th1 responses are efficient 
killers of C. neoformans. In contrast, alternatively activated 
macrophages (M2) that express chitinase-like 3 (Ym1), found 
in inflammatory zone (FIZZ1), mannose receptor (CD206), and 
arginase-1 (Arg1), have reduced pro-inflammatory cytokine 
secretion and are less microbicidal (3, 9, 42, 43, 47, 49–53). As 
the number of recruited macrophages peaked at day 14 postinfec-
tion in both strains, we characterized polarization at this time 
point using iNOS and CD206 as representative markers for M1 
and M2 macrophages, respectively. At 14  days postinfection, 
the percentage of M1 macrophages was significantly greater in 
WT mice compared to IL-1R−/− mice, while the percentage of 
M2 macrophages was greater in IL-1R−/− compared to WT mice 
(Figures 6F,G). Notably, IL-1RI−/− macrophages showed greater 

upregulation of the M2-associated marker CD206 at 14  days 
postinfection (Figures 6H,I), while WT macrophages displayed 
higher expression of the M1-associated marker CD80 (43) at 
14 and 21  days postinfection (Figures  6J,K). Taken together, 
these results indicate that IL-1RI signaling has an important 
role in recruitment of inflammatory DCs and macrophages 
and increases the ratio of M1/M2-polarized macrophages after  
C. neoformans 52D infection.

T cells are the Predominant sources of 
il-17a and iFnγ in WT lungs infected  
with C. neoformans 52D
To characterize the mechanism of differential IL-17A and IFNγ 
expression between WT and IL-1RI−/− lungs, we identified the 
main sources of these cytokines after C. neoformans 52D infec-
tion. Compared to IL-1RI−/− mice, WT mice showed significantly 
more IL-17A-producing cells at 7, 14, and 21 days postinfection 
and a trend toward a higher number of IFNγ-producing cells at 
day 21 postinfection (Figures 7A–C). Several immune cell types 
including CD4+ (Th17), CD8+ T (Tc17) cells, NK cells, iNKT cells, 
γδT cells, B cells, ILCs, DCs, and neutrophils have been shown to 
produce IL-17 during fungal infection (25, 54–56). In our study, 
at day 7 postinfection, intracellular cytokine staining of WT lym-
phocytes showed that CD4+ and γδT cells were the most common 
IL-17A+ subsets (Figure 7D). A similar pattern was observed at 
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FigUre 5 | Interleukin-1 receptor type I-deficient (IL-1RI−/−) mice have decreased neutrophil and increased eosinophil recruitment to the lungs after Cryptococcus 
neoformans 52D infection. Lung cell suspensions from uninfected and infected wild-type (WT) and IL-1RI−/− mice were stained with fluorochrome-labeled antibodies 
and analyzed by flow cytometry as described in Section “Materials and Methods.” (a) Absolute numbers of total CD45+ cells in the lungs at 0, 7, 14, and 21 days 
postinfection. (B–e) Percentage and total number of neutrophils and eosinophils at 0, 7, 14, and 21 days postinfection. Data are shown as mean ± SEM and 
representative of two independent experiments (n = 4 mice/strain/time point). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. (F,g) BALB/c mice underwent intratracheal 
infection with 1 × 104 CFU of C. neoformans strain 52D. Mice were treated with phosphate-buffered saline or anti-Ly6G antibody 1 day prior to infection and daily 
during the study. At 12 days postinfection, lungs were excised for analysis of neutrophil recruitment and CFU. (F) The number of neutrophils and (g) fungal burden is 
shown. Data are pooled from two independent experiments and shown as mean ± SEM (n = 8 mice/group). ***P ≤ 0.001.
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FigUre 6 | Interleukin-1 receptor type I-deficient (IL-1RI−/−) mice have fewer monocyte-derived dendritic cells (DCs) and macrophages in the lungs after 
Cryptococcus neoformans 52D infection. Lung cell suspensions from uninfected and infected mice were stained with fluorochrome-labeled antibodies and analyzed 
by flow cytometry as described in Section “Materials and Methods.” (a,B) Percentage of DC and macrophage subsets at 0, 7, 14, and 21 days postinfection.  
(c–e) Total number of mDCs, AMs, and ExMs at 0, 7, 14, and 21 days postinfection. (F) Representative plots of M1 (CD11b+, iNOS+) and M2 (CD11b+, CD206+) 
polarized macrophages in wild-type (WT) and IL-1RI−/− mice at 14 days postinfection. (g) Percentage of M1- and M2-polarized macrophages in WT and IL-1RI−/− 
mice at 14 days postinfection. (h) Mean fluorescence intensity (MFI) of CD206 expression on macrophages in WT compared to IL-1RI−/− mice and (i) Upregulation 
of CD206 in AMs and ExMs in IL-1RI−/− compared to WT mice at 14 days postinfection. (J) MFI and (K) upregulation of CD80- and CD86-positive cells derived from 
ExMs at 14 days postinfection is shown; (i,K) IL-1RI−/−, gray filled lines; WT, white filled solid lines; uninfected mice, dashed lines. Data are shown as mean ± SEM 
and representative of two independent experiments (n = 4 mice/strain/time point). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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FigUre 7 | T cells are the predominant sources of interleukin (IL)-17A and IFNγ in BALB/c lungs infected with Cryptococcus neoformans 52D. (a) Lung cell 
suspensions from uninfected and infected mice were harvested and restimulated with phorbol 12-myristate 13-acetate (PMA)–ionomycin followed by intracellular 
staining for IL-17A and IFNγ. (a,B) Percentage of total CD45+IFNγ+ and CD45+IL-17A+ cells at 7, 14, and 21 days postinfection. (c) Representative flow cytometry 
plots of lung CD45+ cells from individual mice harvested at 21 days postinfection. (D,e) Percentage of IL-17A- and IFNγ-producing cell types in WT mice at 7 and 
21 days postinfection is shown. Data are shown as mean ± SEM and representative of two independent experiments (n = 4 mice/strain/time point). **P ≤ 0.01 and 
***P ≤ 0.001.
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day 21 postinfection with CD4+ T cells and γδT cells accounting 
for 60 and 20%, respectively, of IL-17A+ cells. CD4+ and CD8+ 
T-cells, NK  cells, γδT  cells, and neutrophils have been shown 
to produce IFNγ during fungal infection (57–59). In our study, 
CD4+ T and NK  cells were the predominant IFNγ-producing 
subsets at day 7 and day 21 postinfection (Figure 7E).

effect of il-1ri signaling on the lung 
lymphocyte infiltration following  
C. neoformans 52D infection
As lymphocytes are necessary for effective clearance of C. neo-
formans, we compared the recruitment of CD4+ or CD8+ T cells, 
γδT cells, and B cells to the lungs of WT and IL-1RI−/− mice at 
different time points after infection. Flow cytometry analysis 
showed that WT mice recruit a significantly higher number of 
CD4+ cells compared to the IL-1RI−/− strain at 14 and 21 days 
postinfection (Figure  8A). Recruitment of CD8+ T  cells was 
comparable between the two strains at all time points, although 
WT mice showed a trend toward a higher number of CD8+ 
T cells at day 21 compared to IL-1RI−/− mice (Figure 8B). WT 
mice demonstrated increased recruitment of γδT  cells at day 
14 and day 21 postinfection compared to uninfected mice; in 

contrast, there was no significant increase of this cell type in 
IL-1RI−/− mice during infection (Figure 8C). No differences in 
the number of B  cells recruited to the lungs during infection 
were observed between the two strains (Figure  8D). Taken 
together, this analysis demonstrates that IL-1RI signaling 
selectively regulates T  lymphocyte recruitment to the lungs 
during the adaptive phase of immunity against C. neoformans 
52D infection.

Pulmonary cD4+ T cells from il-1ri−/− 
Mice Display Diminished Th17 and 
increased Th2 cytokine Production 
following C. neoformans infection
It has been clearly shown that a Th1/Th17 response is protec-
tive and a Th2 response is detrimental, respectively, against  
C. neoformans infection (60). To analyze the effect of IL-1R 
signaling on T  cell differentiation during infection, we har-
vested lungs at serial time points, restimulated the cells with 
PMA/ionomycin, and stained for intracellular IFNγ, IL-13, 
and IL-17A as representative cytokines for Th1, Th2, and 
Th17 polarization states, respectively (Figure  9). The results 
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FigUre 8 | Lungs of interleukin-1 receptor type I-deficient (IL-1RI−/−) mice display fewer CD4+ and γδT+ lymphocytes during the adaptive phase of immunity after 
Cryptococcus neoformans 52D infection. Lung cell suspensions from uninfected and infected mice were stained with fluorochrome-labeled antibodies and analyzed 
by flow cytometry as described in Section “Materials and Methods.” (a–D) Total number of CD3+CD4+, CD3+CD8+, CD3+γδ+, and B220+ cells in the lungs at 0, 7, 
14, and 21 days postinfection. Data are shown as mean ± SEM and representative of two independent experiments (n = 4 mice/strain/time point). **P ≤ 0.01 and 
***P ≤ 0.001.
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demonstrated a significantly higher number of CD4+ IFNγ+ 
cells in the lungs of WT compared to IL-1RI−/− mice at 7 days 
postinfection with a trend toward more CD4+ IFNγ+ cells at 
days 14 and 21. Compared to the IL-1RI−/− strain, WT mice 
showed a trend toward more CD4+ IL-17A+ cells at day 7 
with a significant increase of this cell type at days 14 and 21. 
In contrast, IL-1RI−/− lungs contained a significantly higher 
percentage of CD4+ IL13+ cells compared to WT lungs at 14 and 
21 days postinfection. In summary, these findings demonstrate 
that after C. neoformans infection, IL-1RI signaling significantly 
increased Th1 differentiation during the early phase of infec-
tion and strongly promoted Th17 differentiation during the late 
phase of infection.

DiscUssiOn

Induction of IL-1α/β during mouse cryptococcal infection has 
been reported, but a clear role for IL-1R-dependent signaling in 
the host immune response has not been demonstrated (27, 32, 
34, 35, 37). Here, we provide evidence that IL-1RI deficiency on 
the BALB/c background has deleterious effects on the outcome 
of pulmonary C. neoformans 52D infection. The most significant 
findings of this study are as follows: (1) IL-1RI−/− mice cannot clear 
moderately virulent C. neoformans 52D and develop progressive 

infection of the lungs and brain resulting in death starting at day 
40 postinfection; (2) susceptibility of IL-1RI−/− mice is associ-
ated with reduced levels of pro-inflammatory, Th1, and Th17 
cytokines; (3) IL-1RI signaling in response to C. neoformans 
52D infection regulates the recruitment of inflammatory DCs 
to the lung, contributes to recruitment and M1 polarization of 
macrophages, and promotes Th1/Th17 differentiation of CD4+ 
T cells; and (4) lung neutrophil recruitment associated with IL-1R 
signaling is dispensable for protection against C. neoformans 52D 
infection. Taken together, these data clearly demonstrate that 
IL-1R-dependent signaling plays a complex and essential role in 
the control of progressive C. neoformans 52D infection.

Previously, intranasal infection of C57BL/6 and IL-1RI−/− mice 
with 2 × 104 CFU of the virulent C. neoformans H99 strain was 
shown to cause >90% mortality in both groups (37). In the same 
report, mice lacking MyD88, an intracellular adaptor for IL-1RI, 
IL-18R, and several Toll-like receptors, had a trend toward reduced 
survival but no significant difference in fungal burden compared to 
WT mice after C. neoformans challenge (37). Notably, two earlier 
studies showed that MyD88−/− mice have a significantly shorter 
survival time and a higher lung fungal burden compared to WT, 
TLR2−/−, and TLR4−/− mice after C. neoformans infection (61, 62). 
These differences may be attributable, at least in part, to variation 
in the experimental methods that were used including the dose, 
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FigUre 9 | Decreased Th1/Th17 type cytokine expression by CD4+ T cells from interleukin-1 receptor type I-deficient (IL-1RI−/−) lungs infected with Cryptococcus 
neoformans 52D. (a) Representative flow cytometry plots of lung lymphocytes from individual mice harvested at 14 days postinfection and restimulated with phorbol 
12-myristate 13-acetate (PMA)–ionomycin, followed by intracellular staining for IFNγ, IL-17A, and IL-13. (B) Percentage and (c–e) total numbers of CD4+IFN+, 
CD4+IL-17A+ and CD4+IL13+ cells are shown. Data are shown as mean ± SEM and representative of two independent experiments (n = 4 mice/strain/time point). 
*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. WT, wild type.
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route, and strain of C. neoformans (60, 63–65). Furthermore, 
inbred mouse strains also display marked differences in resist-
ance or susceptibility to a standardized cryptococcal infection, 
highlighting the importance of the host genetic background in 
disease pathogenesis (66–68). Our data are consistent with other 
studies showing that BALB/c mice have a naturally resistant phe-
notype after respiratory infection with the moderately virulent C. 
neoformans 52D strain. Specifically, BALB/c mice progressively 
clear pulmonary C. neoformans 52D infection in association with 
numerous hallmarks of a protective Th1 response including tight 
mononuclear cell infiltrates and classically activated macrophages 
and do not develop central nervous system dissemination (18, 66, 
69, 70). Our observation that both IL-1α and IL-1β were induced 
in the lungs of BALB/c mice after intratracheal infection with C. 
neoformans 52D is also consistent with earlier reports that associ-
ated the induction of IL-1β in lung and brain with resistance to 
cryptococcal infection (35, 71, 72).

Interleukin-1 is a central mediator of inflammation and links 
innate and adaptive immune response mechanisms (73). Binding 
of IL-1α or IL-1β to IL-1RI is followed by the recruitment of the 
IL-1 receptor accessory protein (IL-1RAcP) and activation of 
signal transduction pathways that induce the expression of IL-1 
responsive genes including IL-6, MCP-1, and TNFα (74–77). 
Induction of pro-inflammatory cytokines followed by genera-
tion of a Th1 adaptive immune response is critical for control of 
cryptococcosis (8, 11, 78). Compared to the BALB/c strain, 

IL-1RI−/− mice had significantly reduced expression of KC, TNFα, 
and MCP-1 that was associated with increased lung fungal burden 
at day 7 after infection. TNFα is one of the main target genes of the 
IL-1 signaling cascade (76, 77), and both mediators share down-
stream pathways that induce pro-inflammatory gene expression 
(79, 80). TNFα signaling in the afferent phase of cryptococcal 
infection is associated with optimal DC activation and induction 
of Th1/Th17 polarization and protective immunity (78, 81–84). 
MCP1/CCR2 signaling is also responsible for the recruitment of 
inflammatory DCs and macrophages after cryptococcal infection 
(45, 46, 85). Thus, the reduced expression of pro-inflammatory 
cytokines and chemokines is one mechanism that could explain 
the susceptibility of IL-1RI−/− mice to progressive cryptococcosis.

After C. neoformans infection, DCs phagocytose and kill 
cryptococci by oxidative and non-oxidative mechanisms, play 
an important role in antigen presentation, and drive protective 
immune responses by secreting cytokines and chemokines 
(86–89). Compared to other innate cell types, lung DCs express a 
high level of IL-1RI and signaling via this receptor has been shown 
to promote the maturation and survival of pulmonary DCs and 
their CCR7-dependent migration to lymph nodes after Influenza 
A infection (90). At 21  days postinfection with C. neoformans, 
the total number of moDCs in the lung was significantly lower in 
IL-1RI−/− compared to WT mice, suggesting that recruitment and 
activation of DCs in the LALNs may be regulated by IL-1R signal-
ing in this model. In addition to DCs, inflammatory macrophages 
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that strongly express microbicidal enzymes such as iNOS play 
a significant role in fungal clearance (45, 46, 69, 91). After C. 
neoformans 52D infection, we observed that lung macrophages of 
IL-1R−/− mice had reduced expression of the classical activation 
markers CD80 and iNOS and increased expression of the alterna-
tive activation marker CD206 compared to WT, a pattern that is 
associated with reduced fungal killing capacity. Our findings are 
similar to a recent study in BALB/c mice infected with C. neofor-
mans 52D that correlated an elevated ratio of Arg1/iNOS expres-
sion with an increase in fungal burden and showed a reversal of 
this ratio during the subsequent period of fungal clearance (48).

In addition to monocyte-derived macrophages and DCs, 
significantly greater neutrophil recruitment was observed in WT 
compared to IL-1R−/− lungs. Both IL-1α and IL-1β can promote 
neutrophil migration (92–95), and diminished neutrophil 
recruitment to the site of infection due to IL-1R deficiency has 
been associated with increased susceptibility to several bacterial 
and fungal infections including Legionella pneumophila, Group 
B Streptococcus, Citrobacter rodentium, and Candida albicans 
(55, 96–100). Inbred mouse strains including SJL/J, CBA/J, and 
BALB/c are naturally resistant to pulmonary cryptococcal infec-
tion and exhibit substantial neutrophil recruitment the lungs; 
however, the importance of these cells in host protection is not 
clear (35, 67, 68). For example, an early study of BALB/c mice 
given a single injection of anti-Gr-1 (anti-Ly6C/6G) antibody 
showed less inflammatory damage and significantly longer 
survival compared to controls after C. neoformans 52D infection 
(101). A subsequent study of BALB/c mice that had undergone 
prior immunization with C. neoformans strain H99γ showed that 
neutrophil depletion with a specific anti-Ly6G antibody did not 
affect pulmonary fungal burden (102). Finally, a recent report 
showed that profound neutrophilia in type 2-deficient STAT6−/− 
mice on a C57BL/6 background was associated with immuno-
pathology and exacerbation of cryptococcal disease (103). To 
specifically analyze the contribution of neutrophils to resistance 
against C. neoformans 52D, we used anti-Ly6G to deplete these 
cells in WT BALB/c mice throughout the course of infection  
(104, 105). In the absence of neutrophil recruitment, we observed 
a significantly lower lung fungal burden at 12 days postinfection 
compared to controls. This finding suggests that, despite their 
abundance in the lung, neutrophils may have a detrimental 
effect on host defense against moderately virulent C. neoformans 
52D (101). Several mechanisms may explain this observation, 
including competition for cryptococcal antigen between neu-
trophils and antigen-presenting cells, neutrophil secretion of 
the immunosuppressive cytokine TGFβ1, or production of IL-1 
receptor antagonist, a molecule that inhibits IL-1R signaling  
(100, 106–110). Further research is necessary to precisely establish 
the physiological mechanisms that control neutrophil recruit-
ment during cryptococcal infection and to determine whether 
these cells make a positive contribution to host resistance.

Along with reduced pro-inflammatory cytokines, IL-1R−/− mice 
showed diminished levels of lung IFNγ compared to WT mice at 
the early (day 7) and late (days 14 and 21) phases of infection. 
Intracellular cytokine staining identified CD4+ lymphocytes as the 
most prominent IFNγ-producing cell type. As very few studies 
have identified IL-1R expression on Th1 cells (111), induction of 

IFNγ expression by CD4+ T cells appears to be an indirect effect 
of IL-1RI signaling on DCs and possibly other cell types (90). 
IFNγ plays a central role in host defense against cryptococci by 
enhancing the fungal internalization and killing by phagocytes 
(78, 83). An important role for early IFNγ secretion and the 
development of a Th1 response against C. neoformans 52D infec-
tion was previously shown in resistant C.B-17 mice (a BALB/c 
strain congenic for C57BL/6 immunoglobulin heavy chain gene 
segment), whereas the absence of this response in the C57BL/6 
strain correlated with susceptibility (11).

IL-1 is known to regulate the expression of the transcription 
factors IRF4 and RORγt, both of which play a major role in 
the induction of CD4+IL-17+ (Th17) cells in mice and humans 
(112–114). IL-1 signaling has been shown to be essential for the 
development of Th17 immunity to infection with Coccidioides sp 
(115), and mice with deletions of IL-17 or IL-17R are susceptible 
to candidiasis, pulmonary aspergillosis, and histoplasmosis 
(55). The role of IL-17 during cryptococcal infection has been 
analyzed using mice with a C57BL/6 genetic background. In one 
study, IL-17RA deficiency did not impair pulmonary clearance 
of C. neoformans 52D at 1 or 6  weeks postinfection nor did it 
alter survival compared to WT mice (116). Another study using 
IL-17A-deficient mice showed that this cytokine does contrib-
ute to fungal clearance from the lung but was not essential for 
8-week survival (19). In contrast, administration of IL-23, which 
is essential for the differentiation of Th17 lymphocytes, led to 
prolonged survival and reduced fungal burden in C57BL/6 mice 
(22). A Th17-polarized immune response appears to facilitate 
the resolution of C. neoformans 52D infection through several 
mechanisms including lung recruitment of activated DCs and 
inflammatory macrophages, induction of IFNγ-producing CD4+ 
and CD8+ T cells, and enhanced fungal containment within mac-
rophages (19–22). Compared to BALB/c, IL-1R−/− mice display 
several phenotypes that may be attributable to a diminished Th17 
response including reduced recruitment of DCs and inflamma-
tory macrophages and increased recruitment of eosinophils and 
CD4+IL-13+ cells to the lungs. On the basis of marked difference 
between WT and IL-1R−/− mice, we speculate that IL-17 plays a 
non-redundant role in survival after C. neoformans 52D infec-
tion; however, studies of BALB/c mice that are deficient for IL-17 
or IL-17RA would be required to formally test this hypothesis.

In mouse models, IL-1 signaling is protective against infec-
tion with a wide spectrum of intracellular pathogens including 
Leishmania amazonensis, Mycobacterium avium, Toxoplasma 
gondii, and Listeria monocytogenes (117–121). IL-1RI-deficient 
mice are also highly susceptible to pulmonary challenge with 
Aspergillus fumigatus; in this model, IL-1α has been shown to 
be crucial for optimal leukocyte recruitment and IL-1β has been 
shown to be essential for optimal activation of macrophage anti-
fungal activity (122). It has been suggested that polymorphisms 
in the IL-1 gene cluster might be important in susceptibility 
or resistance to invasive pulmonary aspergillosis in humans  
(123, 124). Both IL-1α and IL-1β have also been shown to 
play an important role in disseminated candidiasis (125–128), 
and IL-1 signaling has shown to contribute to host resistance 
against pulmonary histoplasmosis and Coccidioides sp. infection  
(115, 129). This study expands the role of IL-1 in host defense 
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riPK3/Fas-associated Death Domain 
axis regulates Pulmonary 
immunopathology to cryptococcal 
infection independent of necroptosis
Zhenzong Fa1,2,3†, Qun Xie4,5†, Wei Fang2,6†, Haibing Zhang 5, Haiwei Zhang 5, Jintao Xu 3, 
Weihua Pan1,2, Jinhua Xu6, Michal A. Olszewski 2,3*, Xiaoming Deng4* and Wanqing Liao1,2*

1 PLA Key Laboratory of Mycosis, Department of Dermatology and Venereology, Changzheng Hospital, Shanghai, China, 
2 Shanghai Key Laboratory of Molecular Medical Mycology, Shanghai Institute of Medical Mycology, Second Military Medical 
University, Shanghai, China, 3 Division of Pulmonary and Critical Care Medicine, Department of Internal Medicine, University 
of Michigan Health System, Ann Arbor, MI, United States, 4 Department of Anesthesiology and Intensive Care, Changhai 
Hospital, Second Military Medical University, Shanghai, China, 5 Key Laboratory of Nutrition and Metabolism, Institute for 
Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China, 
6 Department of Dermatology, Huashan Hospital, Fudan University, Shanghai, China

Fas-associated death domain (FADD) and receptor interacting protein kinase 3 (RIPK3) 
are multifunctional regulators of cell death and immune response. Using a mouse model 
of cryptococcal infection, the roles of FADD and RIPK3 in anti-cryptococcal defense were 
investigated. Deletion of RIPK3 alone led to increased inflammatory cytokine production 
in the Cryptococcus neoformans-infected lungs, but in combination with FADD deletion, 
it led to a robust Th1-biased response with M1-biased macrophage activation. Rather 
than being protective, these responses led to paradoxical C. neoformans expansion and 
rapid clinical deterioration in Ripk3−/− and Ripk3−/−Fadd−/− mice. The increased mortality 
of Ripk3−/− and even more accelerated mortality in Ripk3−/−Fadd−/− mice was attributed 
to profound pulmonary damage due to neutrophil-dominant infiltration with prominent 
upregulation of pro-inflammatory cytokines. This phenomenon was partially associated 
with selective alterations in the apoptotic frequency of some leukocyte subsets, such as 
eosinophils and neutrophils, in infected Ripk3−/−Fadd−/− mice. In conclusion, our study 
shows that RIPK3 in concert with FADD serve as physiological “brakes,” preventing the 
development of excessive inflammation and Th1 bias, which in turn contributes to pul-
monary damage and defective fungal clearance. This novel link between the protective 
effect of FADD and RIPK3 in antifungal defense and sustenance of immune homeostasis 
may be important for the development of novel immunomodulatory therapies against 
invasive fungal infections.

Keywords: Cryptococcus neoformans, immune responses, inflammation, Fas-associated death domain, receptor-
interacting serine/threonine kinase 3

inTrODUcTiOn

Invasive fungal infections have become an increasingly significant challenge to public health due to 
the ever-increasing population of immunosuppressed patients, associated with aging of the global 
population, immunosuppressive infections such as HIV, and the growing use of immunosuppres-
sive therapies. Among the major fungal pathogens, Cryptococcus neoformans causes life-threatening 
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invasive infections in both immunocompromised and immu-
nocompetent hosts (1, 2). As supported by evidence from both 
the clinic and animal infection models, an insufficiency of Th1 
and Th17 responses and subsequent classical activation of mac-
rophages are major triggers of cryptococcal infection. However, 
emerging evidence supports the view that the excessive inflam-
mation and pathology is frequently derived by a Th1 response, 
which is often initiated during highly active antiretroviral therapy 
(HAART) in HIV+ patients with cryptococcosis. This paradoxical 
response, known as immune reconstitution inflammatory syn-
drome (IRIS), contributes to worsening symptoms and patient 
mortality despite ongoing antifungal and HAART treatments 
(3). This unique clinical problem underscores the importance of 
immunoregulatory processes during opportunistic fungal infec-
tions of which many aspects remain to be elucidated.

Fas-associated death domain protein (FADD) is known as a 
critical mediator of death receptor-triggered extrinsic apoptosis, 
which plays a role in removing “no longer needed” inflammatory 
cells, thereby serving as a crucial immune-regulatory pathway 
at the site of infection, preventing excessive inflammation 
(4, 5). Besides its role in apoptosis, FADD also has been shown 
to function in regulating cell cycle progression (6, 7), cytokine 
signaling (8, 9), and T-cell activation (10), which are all involved 
in regulation of immune responses. Targeted deletion of FADD 
in mice causes embryonic lethality due to spontaneous activation 
of another programmed cell death (PCD) pathway, necroptosis 
(11). However, co-deletion of receptor interacting protein kinase 
3 (RIPK3), which is an essential serine/threonine kinase for 
necroptosis, rescues these mice (12). In addition to necroptosis, 
RIPK3 has also been reported as an important inflammatory sig-
nal adaptor because it functions in NF-κB activation, inflamma-
some activation, and cytokine signaling (13–15) and participates 
in the pathogenesis of several inflammatory diseases. However, it 
remains unknown whether these molecules play important roles 
during immune responses to fungal infections.

Here, we explored the roles of FADD and RIPK3 in a mouse 
model of cryptococcal infection and identified previously 
unknown, critical contributions of these molecules in pulmonary 
immune responses to cryptococcal infection. Deletion of FADD 
and RIPK3 induced robust Th1 responses, which, paradoxically, 
led to C. neoformans expansion and increased mortality in the 
infected mice. These effects were attributed to an excessive 
accumulation of neutrophils, over exuberant inflammatory 
cytokine production, and development of severe lung pathol-
ogy. Collectively, these findings establish a novel link between 
these PCD components and immune response to cryptococcal 
challenge, demonstrating the crucial importance of FADD and 
RIPK3 in maintaining immune homeostasis during invasive 
fungal infection.

MaTerials anD MeThODs

Mice
Female wild-type (WT) C57BL/6 mice were housed in a 
specific pathogen-free facility. Ripk3−/− mice have been previ-
ously described (16). Fadd+/− mice were generated using the 

CRISPR–Cas9 mutation system (Shanghai Bioray Laboratory, Inc.).  
A 100-bp deletion was introduced into exon 1 of the Fadd gene 
(Figure S1 in Supplementary Material). Because ablation of Fadd 
in mice causes embryonic death, we crossed the Ripk3−/− mice 
with Fadd+/− mice to obtain Ripk3−/−Fadd−/− mice. All mice 
genotypes were confirmed by PCR (Figure S1 in Supplementary 
Material). Mice were 8–10 weeks old at the time of infection and 
were humanely euthanized by CO2 inhalation at the time of data 
collection. Animal experiments were conducted in accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals with the approval of the Scientific 
Investigation Board of Second Military Medical University.

Cryptococcus neoformans
Encapsulated C. neoformans strain H99 (serotype A) was recov-
ered from 10% glycerol-frozen stocks stored at −80°C. The strains 
were cultured on yeast extract-peptone-dextrose agar plates at 
30°C. Liquid cultures were grown in Sabouraud dextrose broth at 
30°C for 20–24 h in a shaking incubator at 180 rpm. Fungal cells 
were centrifuged at 2,000 × g for 3 min, washed three times, and 
resuspended in sterile PBS.

inoculation
Mice were anesthetized by intraperitoneal injection of ketamine 
(100 mg/kg, Sigma, St. Louis, MO, USA) and secured onto a clean 
foam board (17). Next, 50 µl [105 colony-forming units (CFU)] 
of the washed yeast (2 × 106 yeast cells/ml in sterile PBS) were 
used for intranasal infection as previously described (18). After 
inoculation, the mice were kept warm and monitored during 
recovery from anesthesia.

Tissue collection and  
lung leukocyte isolation
The procedures were performed as previously described with 
modifications (19). At the time of data collection, the mice were 
sacrificed and perfused with 5  ml sterile PBS. The lungs were 
removed, minced with scissors, and added to homogeniza-
tion gentleMACS C tubes containing proprietary catalysts for 
mechanical and enzymatic digestion (Miltenyi Biotec, Auburn, 
CA, USA). This process was followed by lung tissue homogeniza-
tion using the gentle MACS dissociator (Miltenyi Biotec) and 
incubation at 37°C for 30  min in 4  ml/mouse digestion buffer 
(RPMI 1640, 5% fetal bovine serum, penicillin, and streptomycin, 
Invitrogen, Grand Island, NY, USA), 1  mg/ml collagenase A 
(Roche Diagnostics, Indianapolis, IN, USA), and 30 g/ml DNase 
I (Sigma, St. Louis, MO, USA). Erythrocytes were removed 
using 1× RBC lysis buffer (eBioscience, San Diego, CA, USA). 
Homogenized tissue was then passed through a 70  µm cell 
strainer (BD Falcon, Bedford, MA, USA) and centrifuged at 
300 × g for 10 min to pellet the cells. The filtrate was centrifuged 
for 25 min at 1,500 × g in the presence of 20% Percoll (Sigma,  
St. Louis, MO, USA) in complete RPMI 1640 medium (RPMI 
1640, 5% FBS, penicillin, and streptomycin) with no brake to 
separate leukocytes from cell debris and epithelial cells. Leukocyte 
pellets were resuspended in 5 ml complete RPMI 1640 medium 
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and counted in a hemocytometer using trypan blue staining to 
exclude dead cells.

Tissue cFU assay
For determining the fungal burden in the lungs, brains, and 
spleens, tissues were removed and homogenized in 1 ml sterile 
PBS. Ten-fold dilutions of the samples were plated in duplicate on 
Sabouraud dextrose agar plates. Colonies were counted after 48 h 
of growth at 30°C, and CFU were calculated on a per-gram basis.

cytokine analysis
Mouse serum was obtained from blood samples collected by heart 
puncture before lung excision and centrifugation at 10,000 × g for 
10 min. Homogenates of lungs were centrifuged, and supernatants 
were diluted for cytokine analysis. Leukocytes isolated from mice 
lung were plated at 107 cells/ml, and supernatants were collected 
by centrifugation of the culture medium. Mouse TNFα, IFNγ, 
IL-1α, IL-1β, IL-4, IL-6, IL-12, IL-17A, and IL-33 ELISA kits were 
from eBioscience. CXCL1 was from Raybio (Norcross, GA, USA).

Flow cytometry analysis  
of leukocyte Populations
For the flow cytometry experiments, antibodies were purchased 
from eBioscience, BioLegend, or BD Biosciences, including 
anti-murine CD16/CD32; CD45 conjugated to PerCP-Cy5.5; 
CD3, CD193, CD80, IFNγ, and annexin V conjugated to FITC; 
CD4, Ly6G, and Siglec F conjugated to APC; CD8, CD11c, CD19, 
and CD80 conjugated to PE-Cy7; CD19, CD40, F4/80, and IL-4 
conjugated to PE; CD11b, CD326, and MHC II conjugated to 
APC-Cy7; and CD19, CD80, and Ly6C conjugated to BV421.

Leukocytes were isolated from the lung and lymph nodes of 
mice. Cell surface immunofluorescence staining involved the 
addition of a fluorochrome-conjugated antibody mixture con-
taining antibodies specific to various leukocyte subpopulations 
to the staining buffer. Cells were incubated on ice for 30 min in 
the dark and washed twice with PBS. For intracellular cytokine 
staining, cells were fixed in IC fixation buffer and stimulated with 
cell stimulation cocktail (plus protein transportation inhibitors) 
from eBioscience. Cells were resuspended in permeabilization 
buffer (eBioscience) and stained with intracellular antibody 
cocktail. After staining, cells were immediately analyzed by flow 
cytometry (FACSAria III, BD Biosciences). FlowJo (For Mac OS 
X, version X 10.0.7r2, Tree Star, San Carlos, CA, USA) was used 
for data analysis. Leukocyte populations were identified using the 
following markers as previously described (20, 21): neutrophils 
(CD45+ Ly6G+ CD11b+), dendritic cells (DCs, CD45+ CD11c+ 
MHC II high), resident macrophage (CD45+ CD11b− Siglec F+), 
eosinophils (CD45+ CD11b+ Siglec F+), monocyte-derived DCs 
or macrophages (CD45+ Ly6C+ CD11c−), CD4 T  cells (CD45+ 
CD3+ CD4+), CD8 T  cells (CD45+ CD3+ CD8+), and B  cells 
(CD45+ CD19+). DCs in lymph nodes were stained with extracel-
lular CD45, CD11c, and CD80, and intracellular TNFα, IFNγ, 
and IL-4. Total numbers of each cell population were calculated 
by multiplying the frequency of the population by the total num-
ber of leukocytes (the percentage of CD45+ cells multiplied by the 
original hemocytometer counts for total cells).

lung-associated lymph node (laln) 
leukocyte isolation
Lung-associated lymph node leukocytes were collected as previ-
ously described with modifications (22). Lymph nodes were 
removed from the mediastinum and then mechanically dispersed 
using an 1-ml sterile syringe plunger to press them through a 
70 µm cell strainer (BD Falcon, Bedford, MA, USA) in complete 
medium. After centrifugation at 2,500 × g for 5 min, the superna-
tant was removed and the cell pellets saved for further use.

immunoblot analysis
Lungs were ground up in liquid nitrogen and suspended in lysis 
buffer containing Tris–HCl (50 mM; pH 8.0), NaCl (150 mM), 
EDTA (1 mM), NP-40 (1%), PMSF (1 mM; Sigma), phosphatase 
inhibitor (Sigma), and a protease inhibitor cocktail (Roche 
Biochemical Laboratories). After incubation on ice for 30 min, 
the cell lysates were collected after centrifugation (14,000  ×  g 
for 10 min) at 4°C, and protein concentrations were determined 
using the Pierce BCA Protein Assay Kit (Thermo Scientific). A 
total of 30 µg protein was loaded for western blot analysis using 
the following antibodies: RIPK3 (Prosci) and caspase-3 (Cell 
Signaling Technology).

real-time Pcr analysis
Total RNA (10–100  ng, depending on the abundance of the 
target gene) was purified using TRIzol reagent (Ambion by Life 
Technologies) for RT-qPCR in a one-step reaction with Reverse 
Transcriptase (Takara) and SYBR green master mix (Takara) 
using a 7900 Real-Time PCR system (Applied Biosystems). All 
primers used for RT-qPCR are listed in Table S1 in Supplementary 
Material. The qPCR analysis was performed using the 2−ΔCt 
method, and target genes were normalized to the housekeeping 
genes in each strain.

histology, immunohistochemistry, and 
immunofluorescence
Lungs were instilled with 1  ml 10% neutral-buffered formalin, 
excised, immersed in 10% neutral-buffered formalin, and embed-
ded in paraffin as described previously (19). Five-micrometer 
sections were cut and stained with hematoxylin & eosin. 
Immunohistochemical and immunofluorescent staining was per-
formed using formalin-fixed, paraffin-embedded tissue sections 
with rabbit anti-RIPK3 (Prosci) antibodies. Sections were photo-
graphed by Zeiss light microscopy (ZEISS, AXIO) and Olympus 
confocal microscopy (FV1000). Lung tissue inflammation and 
injury score were performed by three different pathologists in a 
blinded fashion. The quantify criteria is referenced to previous 
studies with modification (23).

Fungal Killing and cell Viability assays
Bone marrow-derived macrophages (BMDMs) were generated 
as previously described (24, 25). Briefly, marrow was flushed 
from the C57Bl/6 mouse femurs and tibias and dispersed into a 
single-cell suspension. The cells were cultured for 7 days in RPMI 
medium supplemented with 10% FBS and 50 ng/ml M-CSF. The 
cultures were additionally nourished with M-CSF-containing 
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FigUre 1 | RIPK3 and Fas-associated death domain (FADD) critically contribute to host defenses against Cryptococcus neoformans infection. C57BL/6 mice were 
inoculated intranasally with 105 C. neoformans strain H99 and sacrificed at 7 or 10 days postinfection. PBS-treated mice were utilized as control. Pulmonary 
expression of RIPK3 and FADD were examined by western blot analysis in total protein form lung homogenates (a). RIPK3 displayed enhanced expression, while 
FADD remains unchanged in the lung of infected mice. Fungal infection significantly enhanced the local recruitment of RIPK3 in the lung as shown by 
immunohistochemistry (B) and immunofluorescence (c) assays. Wild-type (WT), Ripk3−/−, Ripk3−/−Fadd−/− mice (n = 11 for each group) were infected via inhalation 
to determine effects of RIPK3 and FADD in host defenses against C. neoformans. Survival studies showed that Ripk3−/− and Ripk3−/−Fadd−/− mice were more 
susceptible to fungal infection (D). *P < 0.05, **P < 0.01, ***P < 0.001. The survival study was repeated three times independently.
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medium on the third day of culture. All in  vitro experiments 
were performed in RPMI 1640 containing 10% FCS and 5 ng/
ml M-CSF.

For the fungal killing assay, freshly isolated BMDMs were 
diluted to 106 cells/ml and plated on a 96-well cell culture plate. 
C. neoformans were washed twice with PBS, resuspended in RPMI 
medium, and adjusted to 105 cells/ml. The yeast cells were further 
opsonized with anti-GXM antibody for 1 h at 37°C, followed by 
the addition of 100 µl opsonized C. neoformans to each well of 
the BMDM culture plate and incubation at 37°C with 5% CO2 for 
24 h. BMDM cells were lysed in sterile water for 20 min, mixed 
with the supernatant, and then diluted and plated on Sabouraud 
agar plates. CFU were counted after 2 days at 30°C.

statistical analysis
All data are expressed as means ± SEMs. The data obtained for 
the animal survival assays were plotted as Kaplan–Meier survival 
curves and analyzed with the log-rank test using GraphPad Prism 
version 6.00 for Windows (GraphPad Software, San Diego, CA, 
USA). The remaining statistical analyses were conducted with the 
ANOVA, Student’s t-test, and Kruskal–Wallis test as well as Dunn’s 
test for non-parametric measures. The results were considered 
statistically significant when the P value was less than 0.05.

resUlTs

riPK3 and FaDD critically contribute to 
host Defenses against C. neoformans 
infection
To gain insight into the roles of RIPK3 and FADD during host 
responses to C. neoformans infection, we first evaluated kinetics of 
RIPK3 and FADD protein expression in the lungs of the infected 
C57BL6 mice. Immunoblot study results showed that RIPK3 dis-
played extensive upregulation in the lung tissue at 10 days postin-
fection (dpi) (Figure 1A), further verified by immunochemistry 
and immunofluorescence assays (Figures  1B,C). In contrast, 
FADD, albeit abundant, appeared to be expressed constitutively 
throughout the studied time points of infection. Next, to elucidate 
the relative importance of FADD and RIPK3-related signaling in 
anti-cryptococcal defense, we compared the survival of infected 
Ripk3−/−, Ripk3−/−Fadd−/−, and WT mice. As shown in Figure 1D, 
compared with WT mice, infected Ripk3−/− mice showed acceler-
ated onset of mortality (8 vs 20 dpi) and reduced median survival 
(median: 16.5  ±  5.8 vs 21.5  ±  1.4  days). Ripk3−/−Fadd−/− mice 
showed even greater susceptibility to C.  neoformans infec-
tion compared with either Ripk3−/− (P  <  0.05) or WT mice 
(P < 0.001), exhibiting a drastically shortened median survival 
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FigUre 2 | Ripk3−/− and Ripk3−/−Fadd−/− mice showed diminished fungal 
clearance. Pulmonary fungal burden assay revealed diminished fungal 
clearance of Ripk3−/− and Ripk3−/−Fadd−/− mice (a) and similar but not 
significant trends in extra-pulmonary dissemination (B,c). Values represent 
means and SEMs (n = 5 mice for each group); ns, no significant difference, 
*P < 0.05, **P < 0.01, between compared groups. The colony-forming units 
(CFU) assay was repeated three times independently.
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(9.9 ± 4.3 days). These results demonstrate that FADD and RIPK3 
signaling critically contribute to host defense against cryptococ-
cal infection, most likely in a synergistic fashion.

riPK3 or riPK3/FaDD Deletion reduced 
host ability to control Fungal growth and 
Dissemination
Next, we examined fungal burden in the lung, brain, and spleen 
in infected mice to assess the effects of RIPK3 and FADD in the 
control of fungal growth and systemic dissemination. Compared 
with WT, Ripk3−/− mice had a significantly higher pulmonary 
fungal load at 10 dpi (P < 0.05), and RIPK3/FADD double dele-
tions further enhanced the fungal burden in the lungs at both 
7 dpi (P < 0.05) and 10 dpi (Figure 2A, P < 0.01). Similar trends 
in fungal burden were noted in the spleens and brains of Ripk3−/− 
and Ripk3−/−Fadd−/− mice at 10 dpi (Figures 2B,C), with frequen-
cies of positive spleen and brain cultures in Ripk3−/−Fadd−/− mice 
doubling those in the WT mice. Thus, both RIPK3 and FADD 
significantly contributed fungal containment during pulmonary 
cryptococcal infection.

riPK3/FaDD Deletions lead  
to severe lung Pathologies in 
C. neoformans-infected Mice
Rapid clinical deterioration and the accelerated mortality, espe-
cially in the infected Ripk3−/−Fadd−/− mice could not be solely 
explained by relatively modest increases in fungal burdens at 7 
and 10 dpi. Thus, we examined the effects of RIPK3 or RIPK3/

FADD on the development of lung inflammation and patholo-
gies post-C. neoformans infection. We examined lung sections 
obtained from sham-infected (PBS) and C. neoformans-infected 
WT and Ripk3−/− or Ripk3−/−Fadd−/− mice. Deletion of RIPK3 or 
RIPK3/FADD induced no visible alterations in uninfected lungs 
(data not shown), demonstrating that genetic defects in RIPK3 
or RIPK3/FADD did not affect baseline pulmonary morphology. 
Comparative histopathological assessments of lung sections from 
each group at 10 dpi (Figure 3) demonstrated only subtle enhance-
ment of pulmonary leukocyte infiltration in Ripk3−/− mice relative 
to the control mice with largely similar pattern of inflammatory 
lesions (Figures 3A–C vs Figures 3D–F). The borders between 
inflamed regions and normal alveoli remained distinct at 10 dpi 
in WT and Ripk3−/− mice (Figures 3A–F). Consistently, blinded 
pathology score, albeit showing an increasing trend, has not 
increased significantly (Figure S2 in Supplementary Material). In 
contrast, Ripk3−/−Fadd−/− mice exhibited progressive pulmonary 
inflammation with severe tissue damage (Figures  3G–I). Less 
organized inflammatory infiltrates (predominantly neutrophils 
and lymphocytes) were spread diffusely through bilateral lung 
fields at 10 dpi. The margins of inflamed regions from uninvolved 
alveoli were less distinct. Features of suppurative bronchopneu-
monia, such as airway plugins with polymorphic neutrophil 
and dense cellular exudate, were observed throughout the lung 
(Figures 3H,I). The blinded pathology score showed that inflam-
mation/pathology score was significantly greater in lungs of 
Ripk3−/−Fadd−/− mice compared to both WT and Ripk3−/− mice 
(Figure S2 in Supplementary Material), which corroborated well 
with survival data on day 10 (80% mortality in Ripk3−/−Fadd−/− 
group, only 20% mortality in Ripk3−/− group, and all mice sur-
viving in the WT group at 10  dpi). Collectively, these findings 
demonstrated that concurrent RIPK3/FADD deletion during 
C. neoformans infection induced severe pulmonary inflammation 
and tissue damage, potentially explaining the highly accelerated 
mortality in Ripk3−/−Fadd−/− mice.

riPK3 and FaDD Differentially Modulated 
Pulmonary leukocyte accumulation 
during C. neoformans infection
To quantify the effects of RIPK3 and FADD deletions on cellular 
components of the inflammatory response to C. neoformans, 
we compared leukocyte populations isolated from uninfected 
or infected lungs of WT, Ripk3−/−, or Ripk3−/−Fadd−/− mice at 
10  dpi. Consistent with the histopathological findings, flow 
cytometric analysis revealed no significant effect of Ripk3−/− or 
Ripk3−/−Fadd−/− mutations in uninfected mice for any of the leu-
kocyte subsets (data not shown). While only a borderline increase 
in total lung leukocytes counts (CD45+ cells) was observed 
in Ripk3−/− mice compared to WT mice at 10  dpi (Figure  4A, 
P  <  0.06), significant increases in two pulmonary leukocyte 
subsets were observed. Ripk3−/− mice showed increased numbers 
of neutrophils (Figure  4B), increasing trend in macrophages 
(Figure 4C), and elevated CD4+ T cells (Figure 4D) compared 
to the infected WT mice.

Ripk3−/−Fadd−/− mice infected by C. neoformans showed more 
profound alterations in both the magnitude of inflammation 
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FigUre 3 | Deletion of RIPK3 and Fas-associated death domain (FADD) resulted in enhanced inflammatory infiltration and tissue injury following pulmonary infection 
with Cryptococcus neoformans. Wild-type (WT) (a–c), Ripk3−/− (D–F), or Ripk3−/−Fadd−/− (g–i) mice were infected with 105 C. neoformans strain H99. At 10 days 
postinfection, lungs were harvested, and the morphological pattern of inflammation was evaluated by light microscopy. Pulmonary representative photomicrographs 
(hematoxylin and eosin stained) taken from each group were shown [(a,D,g) magnification of ×50; (B,e,h) magnification of ×100; (c,F,i) magnification of ×200]. 
Compared with WT group, Ripk3−/− mice displayed similar pulmonary histological pattern but a slight enhancement in inflammatory infiltration. However, extensive 
pulmonary inflammation and severe tissue damage were observed in Ripk3−/−Fadd−/− mice, indicating distinct patterns of lung pathology.
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and leukocyte composition. There was a significant increase in 
total leukocyte counts in Ripk3−/−Fadd−/− mice compared with 
WT group at 10 dpi (Figure 4A), mostly driven by a remarkable 
increase in neutrophil numbers (more than threefold) relative to 
infected WT (Figure  4B) and significantly greater than in the 
Ripk3−/− mice. Significant increases in other myeloid cell subsets 
(monocytes, Figure  4E; DCs, Figure  4F) were also detected 
relative to both WT and Ripk3−/− mice. However, the numbers 
of pulmonary eosinophils observed in abundance in the WT and 
Ripk3−/− mice at 10 dpi were suppressed in Ripk3−/−Fadd−/− mice 
(Figure  4G), suggesting a shift away from a Th2 response in 
the WT following RIPK3/FADD double deletion. Collectively, 
these data further support that RIPK3 and more so the RIPK3/
FADD double deletion results in an exuberant accumulation of 
inflammatory cells and immunomodulation that alters the course 
of inflammatory response implicated in lung injury we observe 
during C. neoformans infection in the absence of these factors.

riPK3/FaDD Deletion reshaped the 
cytokine responses during Pulmonary  
C. neoformans infection
Having demonstrated that RIPK3 and RIPK3/FADD dele-
tions altered inflammatory infiltrate compositions, we further 

examined the roles of RIPK3 and FADD in pulmonary and 
systemic cytokine levels during cryptococcal infection. Lung 
homogenates and serum isolated at 10 dpi from Ripk3−/−, Ripk3−/− 
Fadd−/−, and WT mice were analyzed by ELISA (Figures 5A–N). 
We found that depletion of RIPK3 alone significantly increased 
pro-inflammatory cytokine production: TNF-α, IL-1α, and 
IL-1β (Figures  5A–C). Non-significant increasing trend in 
IFN-γ level and decreasing trend in IL-4 production sug-
gested cytokine profile drifting away from Th2 to Th1 pattern 
(Figure  5J), which corresponded to diminished serum IgE 
accumulation (Figure 5N). However, no difference in IL-12p40 
or IL-33 have been observed (Figures  5E,H), suggesting that 
the full switch from Th2 to Th1 has not occurred as a result of 
RIPK3 deletion. Finally, while we observe significant increase in 
IL-17A, which might have suggested shift toward Th17 response 
as a result of RIPK3 deletion, there was no concurrent increase 
in IL-6 or IL-12p40, which would be associated with Th17 
response. Most of these trends were reproduced in pulmonary 
leukocyte cell culture supernatants (Figure S4 in Supplementary 
Material). Consistently, with lung cytokines, serum cytokine 
analysis showed somewhat elevated TNFα (Figure  5K), sug-
gesting more pronounced inflammatory response levels in 
infected Ripk3−/− mice, but no increase in serum IL-6 or IFNγ 
(Figures 5L,M).
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FigUre 4 | RIPK3 or RIPK3/Fas-associated death domain (FADD) deletions resulted in alteration in pulmonary leukocyte recruitments. Mice were inhalationally 
infected with 105 Cryptococcus neoformans strain H99. Lungs were harvested at 10 days postinfection, and total pulmonary leukocytes were isolated from infected 
lungs after enzymatic digestion. Magnitude and/or leukocyte composition were then analyzed by flow cytometry. Results are illustrated as absolute numbers of each 
lymphocyte subset (a–g) in the total lung sample. Values represent means and SEMs (n = 6 mice per group). ns, no significant difference, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, between compared groups. This experiment was repeated twice.
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RIPK3/FADD double deletion further enhanced pro-
inflammatory TNFα and IL-6 (Figures  5A,D) and showed 
sustained elevation of IL-1α, IL-1β compared to the WT mice. 
Furthermore, Th1 cytokines IL-12p40 and IFNγ were sig-
nificantly elevated relative to WT and RIPK3 mice levels of these 
cytokines (Figures 5E,F), suggesting not only strongly intensi-
fied inflammatory response but also shift to a Th1. Consistently, 
Th2 cytokines (IL-4 and IL-33) were profoundly suppressed 
(Figures 5G,H), and the Th1/Th2 ratio increased more than 300-
fold in RIPK3/FADD-depleted relative to WT mice (Figure 5J), 
with corresponding absence of serum IgE accumulation 
(Figure 5N) strongly suggesting the development of a robust Th1 
bias in these mice. Interestingly, IL-17 was not elevated as in the 
Ripk3−/− mice but showed level similar to that in the infected WT 
mice (Figure 5I).

To further investigate effects of RIPK3/FADD on T cell polari-
zation, we performed intracellular flow analysis on pulmonary 
CD4+ T cells from infected Ripk3−/− and Ripk3−/−Fadd−/− mice at 
10 dpi. Consistent with the cytokine data, percentage of IFNγ+ 
CD4+ T cells was not different in Ripk3−/− mice compared to the 
WT, but increased in Ripk3−/−Fadd−/− mice compared to WT and 
Ripk3−/− mice (Figures 6A,B). Moreover, we found there was a 
borderline reduction in the frequencies of GATA3 positive CD4+ 
T  cells in Ripk3−/− (P  =  0.07) mice and significant decrease in 
frequencies of GATA3+ CD4+ T  cells in Ripk3−/−Fadd−/− mice 
relative to WT mice at 10 dpi (Figures 6C,D). Interestingly, no 
increase in IL-17A or RorγT+ CD4 or CD8 T-cells was observed in 

either Ripk3−/− or Ripk3−/−Fadd−/− mice compared to the WT mice 
(data not shown). Collectively, analysis of cytokine responses and 
T-cell polarization profile showed that RIPK3 single deletion led 
to enhanced pro-inflammatory responses, while that additional 
deletion of FADD further potentiated these effects, leading to a 
very strong Th1 bias systemic and “cytokine storm” at 10 dpi with 
C. neoformans.

riPK3 and FaDD Deletions Potentiated 
classical activation of Macrophages and 
Their Fungicidal responses In Vitro
Macrophages are distal effector cells that execute anti- 
C. neoformans-based cytokine responses in infected organs 
(26, 27). Having determined that RIPK3 increased inflamma-
tory cytokines, including pro-M1 cytokine TNFα and RIPK3/
FADD additionally promoted Th1 responses, we assessed 
the M1/M2 polarization patterns of macrophages in the 
infected lungs and the fungicidal ability of BMDMs isolated 
from uninfected mice from each strain. The expression of 
M1- and M2-associated genes was evaluated by real-time PCR 
(Figures 7A–C). Consistent with absence of major increase in 
IFNγ production, Ripk3−/− mice macrophages did not show 
significant upregulation of the M1 activation marker iNOS 
(Figure 7A). However, in concert with less pronounced Th2 and 
more pro-inflammatory environment in the lungs, we observed 
diminished upregulation of M2 markers arginase Arg1 and Fizz1 
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FigUre 5 | RIPK3 or RIPK3/Fas-associated death domain (FADD) deletions altered Th-polarizing and pro-inflammatory cytokine profiles in local (pulmonary) and 
systemic response to cryptococcal infection. Total lung tissue (a–i) and serum (K–n) were harvested from wild-type (WT), Ripk3−/−, or Ripk3−/−Fadd−/− mice at 
10 days postinfection with Cryptococcus neoformans. Supernatants of lung tissue homogenates were collected by centrifuging. Cytokine levels were detected in 
the supernatants and serum by ELISA. Total serum IgE concentrations were also measured by ELISA. Values represent mean cytokine or IgE concentrations  
[(a–i), (K–n), pg/ml] or (J), the IFNγ/IL-33 ratio (n = 5 mice per group). ns, no statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001. This experiment was 
repeated twice.
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(Figures  7B,C), suggesting that macrophages in the infected 
lung of Ripk3−/− mice were less M2 biased. Consistent with 
the strong Th1-type polarization, expression of the iNOS was 
significantly upregulated in Ripk3−/−Fadd−/− mice (Figure 7A), 
while Fizz1 expression was diminished (Figure 7C) compared 
to both WT and Ripk3−/− mice. Compared with WT mice, argin-
ase1 expression in Ripk3−/− Fadd−/− mice also showed downward 

effects (Figures  7B,C). To determine whether the fungicidal 
potential (typically linked to M1/M2 activation) was affected 
in Ripk3−/− and Ripk3−/−Fadd−/− mice, we evaluated the fungi-
cidal effect of the BMDMs after co-incubation with 106 CFU of  
C. neoformans (Figure  7D). Significantly reduced cryptococ-
cal survival was observed in Ripk3−/− and, to an even greater 
extent, in Ripk3−/− Fadd−/− macrophages, further demonstrating 
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FigUre 6 | RIPK3 or RIPK3/Fas-associated death domain (FADD) deletions affects Th1/Th2 polarization of CD4 T cells in the lungs of Cryptococcus neoformans-
infected mice. Leukocytes were isolated from the lungs of infected mice on 9 days postinfection. Intracellular expression of IFNγ, GATA3 in CD4 T cell population 
was analyzed by flow cytometry. (a,c) show the percentage of IFNγ or GATA positive populations in CD4+ cells. (B,D) show the cell counts of IFNγ or GATA positive 
CD4 T cells. Note that there was a significant increase of Th1 markers in the Ripk3−/−Fadd−/− mice compared to the control mice (a,B). Results represent means and 
SEMs (n = 4 mice for each time point). *P < 0.05, **P < 0.01.

FigUre 7 | Ripk3−/− and Ripk3−/−Fadd−/− mice displayed progressively classical activation and increased fungicidal ability of macrophages. mRNA was isolated from 
pulmonary macrophages of WT, Ripk3−/−, or Ripk3−/−Fadd−/− mice at 10 days postinfection. Real-time PCR was performed to determine the expression levels of 
iNOS [nitric oxide synthase, (a)], Arg1 [arginase 1, (B)], and Fizz1 (c). Bone marrow-derived macrophages (BMDMs) isolated from uninfected mice were utilized to 
detect intracellular fungicidal ability (D). ns, no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, between compared groups. These 
experiments were repeated three times.
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FigUre 8 | RIPK3 and Fas-associated death domain (FADD) deletion promoted dendritic cells differentiation and activation in lung-associated lymph nodes (LALNs) 
after cryptococcal infection. LALNs were harvested from wild-type (WT), Ripk3−/−, and Ripk3−/−Fadd−/− mice at 7 and 10 days postinfection. Dendritic cells (DCs) 
were stained with CD80 (a–D), IFNγ (e), and IL-4 (F) antibodies and then analyzed by flow cytometry. Data are expressed as means and SEMs (n = 3 or more mice 
per group). ns, no significant difference, *P < 0.05, between compared groups. This experiment was repeated twice.
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that, at the cellular level, RIPK3 and FADD deletions promoted 
rather than suppressed fungicidal M1 macrophage polarization. 
Thus, the effects of RIPK3 and FADD deletion on M1/M2 gene 
expression were consistent with the cytokine profiles in the  
C. neoformans-infected lungs.

riPK3 and FaDD Deletions Promoted  
Dc Differentiation and activation  
in lalns after cryptococcal infection
Having determined that joint RIPK3/FADD deletion promoted a 
strong shift toward the Th1/M1 response in contrast with single 
RIPK3 deletion, we analyzed the phenotype of DCs, the central 
regulators of Th-immune polarization. Flow cytometric analysis 
of LALN DC was performed to examine the frequency and 
intensity of CD80, a major co-stimulatory molecule expressed 
during DC co-stimulatory maturation, and the DC1 phenotypic 

marker and predictor of Th1 response development (22, 28, 29). 
Consistent with strong Th1 bias, the frequency and intensity of 
CD80 expression was significantly enhanced in LALN DC of 
Ripk3−/−Fadd−/− mice at both 7 and 10 dpi (Figures 8A–D) com-
pared to those in the infected WT mice. Ripk3−/− mice also did 
not show this effect on day 7 but displayed some increase of CD80 
surface expression at 10 dpi (Figures 8C,D). Cytokine expression 
in LALN DCs was also analyzed by intracellular staining. Again, 
notable enhancement of IFNγ expression was observed in LALN 
DCs of Ripk3−/−Fadd−/− mice at day 7 but without significant 
alteration in IL-4 production (Figures  8E,F). However, RIPK3 
deletion had no effect on LALN DC cytokine expression. Taken 
together, these results suggested that RIPK3/FADD deletions 
synergistically promoted LALN DC maturation and DC1 activa-
tion during C. neoformans infection, which was consistent with 
strongly enhanced Th1 responses in these mice, while changes in 
Ripk3−/− DC activation profile was subtle, consistent with subtle 
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FigUre 9 | Fas-associated death domain (FADD) deletion differentially regulated the apoptosis of pulmonary leukocyte subsets during Cryptococcus neoformans 
infection. Total pulmonary cells were gently harvested from wild-type (WT), Ripk3−/−, and Ripk3−/−Fadd−/− mice at 0 or 10 days postinfection. Isolated cells were 
stained with antibodies specific for annexin V and then analyzed by flow cytometry. After C. neoformans infection, eosinophils (a,B), neutrophils (c,D), and CD4+ 
T cells (e,F) displayed significant alteration in apoptosis frequency in the lungs from Ripk3−/−Fadd−/− mice but not Ripk3−/− mice. Other pulmonary subsets had no 
significant difference in apoptosis frequency between WT and genetic-defect mice (see Figure S2 in Supplementary Material). ns, no significant difference, *P < 0.05, 
**P < 0.01, between compared groups. This experiment was repeated twice.
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effects of Ripk3−/− Th polarization profile during C. neoformans 
infection.

riPK3 and FaDD Deletions Differentially 
affected apoptosis rate in leukocyte 
subsets during C. neoformans infection
To further explore the potential mechanisms underlying how 
RIPK3 and RIPK3/FADD pathways prevent excessive accumu-
lation of inflammatory cells, we next evaluated the apoptotic 
frequency (APF) of various pulmonary cell subsets in C. 
neoformans-infected lungs. Lungs were dissociated gently, and 
single-cell suspensions were analyzed by flow cytometry with 
annexin V. Since different leukocyte subsets have distinct life 

spans and exploit different cell death pathways (30, 31), we first 
tested their APF in each group without fungal infection to exclude 
direct effects of FADD and/or RIPK3 deletions. All three groups 
exhibited similar rates of apoptosis in all subsets, indicating that 
FADD and RIPK3 were dispensable for homeostatic survival 
of these immune cells under physiological condition (data not 
shown).

Similar APFs in each cell subset at 10  dpi in Ripk3−/− com-
pared with WT mouse infected lungs (Figure 9 and Figure S4 
in Supplementary Material) suggested that RIPK3 alone had 
no effect on inflammatory cell apoptosis during C. neoformans 
infection. However, C. neoformans infection significantly reduced 
eosinophil cell death in WT and Ripk3−/− mice (eosinophil APF 
from uninfected mice: 60.9% ± 1.4% decreasing to 6.6 ± 1.2% 
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FigUre 10 | Necroptosis process is not likely a mechanism for RIPK3- and 
Fas-associated death domain (FADD)-mediated effects on immune 
responses to Cryptococcus neoformans. (a) Wild-type (WT) mice and mice 
with targeted deletion of MLKL gene (distal effector kinase in necroptosis 
pathway) were infected with C. neoformans and analyzed as in Figure 1D. 
MLKL deletion had no effects on survival, unlike RIPK3 and FADD deletions 
(per Figure 1D) (n = 10 for each group). (B) Bone marrow-derived 
macrophage (BMDM) cells isolated form WT, Ripk3−/−, Ripk3−/−Fadd−/− mice 
were challenged with H99 at MOI = 5:1 and co-incubated for 24 h. 
Supernatants were collected followed by LDH release detection. In RIPK3 or 
FADD, deletions had no effect on magnitude of BMDM lytic death in contrast 
with their effects in positive control (LZ). Study was repeated three times 
independently. Symbols signify C, C. neoformans; A, anti-cryptococcal 
antibody M18B7; Z, zVAD (pan-caspase inhibitor); L, lipopolysaccharide; ns, 
no significant difference, ***P < 0.001, between compared groups.
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and 16.3 ± 8.0, respectively), whereas the absence of FADD com-
pletely abolished this phenomenon (Figures 9A,B). A consider-
able reduction of neutrophil cell death was also detected in each 
group after fungal infection. Furthermore, consistent with the 
greatest increase in neutrophil accumulation, the Ripk3−/−Fadd−/− 
group exhibited significant decrease in the APF of neutrophils 
(11.0% ± 0.9%) compared with WT (21.5 ± 3.2%, P < 0.05) or 
Ripk3−/− mice (17.6 ± 1.5%, Figures 9C,D). Among lymphocyte 
subsets, only CD4+ T  cells displayed a significant reduction 
in cell death frequency in Ripk3−/−Fadd−/− mice (12.1  ±  1.7 vs 
7.6 ± 0.5%, P < 0.05), while other subpopulations did not differ 
in each group (Figures 9E,F). Collectively, these data indicated 
that C. neoformans infection affected apoptotic rates of certain 
leukocyte subsets, but only the joint FADD/RIPK3 deletion led 
to detectable alterations in the APF in these leukocyte subsets 
during fungal infection.

The effects of riPK3 and FaDD Deletions 
on anti-cryptococcal Defenses appear to 
Be Unrelated to Their role necroptosis 
Pathway
RIPK3 and FADD, among other functions, are major intracellular 
upstream mediators of necroptosis cell death pathway, a PCD 
resulting in cell lysis, reported to influence mycobacterial-infected 
macrophages (32) but also to regulate type-I IFN signaling in 
macrophages independent of necroptosis in influenza-infected 
macrophages (33). We first asked a question about the global role 
of necroptosis pathway in anti-cryptococcal host defenses. To 
asses this, mice with deletion of a distal effector kinase in necrop-
tosis pathway, MLKL along with the WT mice, were infected with 
C. neoformans and mouse survival was monitored. Results show 
that MLKL deletion had no significant effect on C. neoformans-
infected mouse survival (Figure  10A) demonstrating that the 
necroptosis cell death pathway is dispensable for mouse resist-
ance to C. neoformans.

We next asked, whether C. neoformans infection triggers sig-
nificant level of lytic cell death in macrophages and whether this 
was affected by RIPK3 and FADD deletion. To address this ques-
tion, we used LDH release assay on WT, Ripk3−/−, Ripk3−/−Fadd−/− 
BMDM following in  vitro H99-challenge. Results show that C. 
neoformans infection triggered lytic death in a small subset of 
BMDM (14.3 ± 1.7%, Figure 10B), The cell death rate was poten-
tiated when the cells were treated with C. neoformans opsonized 
with M18B7 antibody, which increases cryptococcal uptake by 
macrophages (34) reaching (21.7 ± 1.6%, Figure 10B). However, 
neither RIPK3 deletion alone nor combined with FADD deletion 
had effect on the rate of BMDM death. This was in contrast with 
the positive control, in which lytic cell death triggered by the com-
bined simulation of lipopolysaccharide with pan-caspase inhibi-
tion was profoundly reduced Ripk3−/−, Ripk3−/−Fadd−/− BMDM 
(Figure 10B). Thus, RIPK3 and FADD are not directly involved in 
regulation lytic cell death of BMDM population infected with C. 
neoformans in vitro, further supporting that the susceptibility of 
Ripk3−/− mice and Ripk3−/−Fadd−/− mice to cryptococcal infection 
was mechanistically unrelated to the role RIPK3 and FADD in 
necroptosis pathway.

DiscUssiOn

While PCD pathway components were shown to be important 
regulators of the immune responses, the role of FADD and RIPK3 
in host defenses against fungal infection remained unknown up 
to this point. This report provides novel data demonstrating that 
RIPK3 and FADD are crucial for fungal containment and survival 
of the infected host during C. neoformans infection. Here, we 
show that these factors serve jointly as physiological “brake” that 
prevents the development of over exuberant inflammation and 
profound Th1 bias, which in their absence leads to pulmonary 
damage and rapid deterioration of the infected host.

Our first group of studies elucidated the involvement of 
both RIPK3 and FADD during cryptococcal infection. Upon 
C. neoformans infection, RIPK3 expression in infected lungs 
was strongly upregulated and deletion of RIPK3 significantly 
shortened the survival of the infected mice and impaired fungal 
clearance. Furthermore, the absence of RIPK3 resulted in upregu-
lation of pro-inflammatory components including, increased 
T  cell numbers and neutrophils and increased inflammatory 
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cytokines in response to C. neoformans (Figures 5 and 6). These 
data provide evidence that RIPK3 exerts an important role in 
controlling inflammatory responses with some minor effect on 
Th polarization during C. neoformans infection that is at least in 
part independent of its well-established function in apoptosis and 
necroptosis pathways (Figures 9 and 10).

While FADD expression appeared to be constitutive, RIPK3/
FADD double deletion resulted in further enhanced susceptibil-
ity to C. neoformans infection, demonstrating that joint absence 
of these factors further potentiated the effects of single RIPK3 
deletion at both severity of pathology and upregulation of inflam-
matory components in the infected lungs. In Ripk3−/−Fadd−/− 
mice, lung pathology and the effect on mouse survival effects 
were more severe (Figures  1–3; Figure S2 in Supplementary 
Material) compared to Ripk3−/− mice. Our pathology studies 
further highlighted that in C. neoformans-infected lungs RIPK3 
and FADD play important roles in protecting infected lungs 
against the rapid development of severe pathology associated 
with excessive accumulation and activation of leukocytes. 
One caveat here could be that the enhanced inflammatory 
pathology was driven by the increased fungal burden; however, 
the lung CFU burdens even in the most profoundly affected 
Ripk3−/−Fadd−/− mice were still relatively modest and could not 
explain the profound pathological changes and 80% mortal-
ity at day 10 in these mice. This, together with very selective 
amplification of Th1 response, clearly indicates that rather small 
differences in fungal burdens were not the major driver of the 
profound changes in the immunophenotype and increase in 
mouse mortality.

Inflammation is a double-edged sword in the pathogen-
esis of infectious disease. While suboptimal production of 
pro-inflammatory cytokines hinders control of C. neoformans 
infection (35–37), highly elevated production of these factors 
promotes severe inflammatory tissue damage (38). In at least 
some aspects of host–fungus interactions, a preservation immune 
strategy denoted “protective tolerance” may be optimal to limit 
immunopathology while controlling fungal infection (39). This is 
the first report that RIPK3 and FADD may play jointly important 
roles by critically fine-tuning “protective tolerance” mechanisms 
during anti-cryptococcal defense. We show that both of these two 
molecules are required for optimal control of fungal growth and 
host protection against the severe inflammatory pathology that 
develops in lungs in the absence of these factors. Interestingly, the 
phenotypes that developed in Ripk3−/−Fadd−/− mice mirror many 
findings in cryptococcosis patients who suffer from IRIS. The 
development of IRIS (pre-IRIS phase) is specifically character-
ized by increasing pro-inflammatory responses without efficient 
clearance of the fungal pathogen (40, 41). Several cohort studies 
highlighted the relationship of IL-6 signaling and the risk of 
developing IRIS. For every twofold increase in IL-6 or C-reactive 
protein, the hazard of IRIS increased by 1.6 and 1.5, respectively 
(42). Another recent study proposed TNFα, IL-1β, and IL-12 to 
be predictors of IRIS (43), and these factors found to be elevated 
as a result of RIPK3 and FADD deletion in C. neoformans-
infected lungs. Finally, a central IRIS characteristic reproduced 
in Ripk3−/−Fadd−/− mice is massive systemic elevation of IFNγ, 
TNFα, and IL-6 (42) (Figure 5).

Besides the findings that mimic cytokine profiles of IRIS 
patients in our models, we also found the elevated induc-
tion of IL-1α and neutrophil recruitment in the lungs of both 
Ripk3−/− and Ripk3−/−Fadd−/− mice. Neutrophil recruitment 
linked to IL-1α upregulation have been shown to contribute to 
the development of lethal lung pathology during fungal infection 
with Aspergillus (44). Together, these findings document that 
responses “designed” to be protective in fungal infections can 
become highly detrimental to the host, and our data demonstrate 
such detrimental outcomes following RIPK3 and FADD deletion. 
Collectively, our study shows that RIPK3 and FADD factors are 
crucial elements of regulatory network that allows protecting the 
host from pathological effects of inflammation while supporting 
clearance of the invasive fungal infection.

Another novel finding was that the expression of RIPK3 
and FADD proteins was required for the development of Th2 
polarization during C. neoformans infection. While the deletion 
of RIPK3 had subtle effect on Th2 polarization, joint deletion of 
RIPK3 and FADD resulted in a complete switch from strong Th2 
to strong Th1 response. Cytokine profile analysis revealed mas-
sive reduction in Th2 cytokines (IL-4 and IL-33) in infected lungs 
of Ripk3−/−Fadd−/− mice. This, together with diminished GATA3 
expression by CD4 T cells and the absence of serum IgE accumu-
lation (Figures 5 and 6), indicates the loss of Th2 polarization in 
response to RIPK3 and FADD deletion. Th1 and Th2 responses 
are known to counterbalance each other. Therefore, it remains to 
be determined if the primary effect of RIPK3/FADD deletion was 
the lack of the Th2 development with its subsequent “replacement 
by Th1,” other way around, or else both pathways were subjected 
to concurrent regulation by joint action of RIPK3 and FADD. 
While future studies are needed to address these points, our data 
show that the net effect of RIPK3 and FADD is directly or indi-
rectly counter-regulate Th1 and support Th2 polarization during 
C. neoformans infection. Another highly unexpected finding was 
that strong Th1 bias and the absence of Th2 rather than being pro-
tective (19, 45) resulted in non-protective response in the infected 
Ripk3−/−Fadd−/− mice. This absence of improved clearance follow-
ing RIPK3/FADD deletions, despite the robust Th1 polarization, 
was not due to a defect in macrophage M1 polarization or loss 
of their intrinsic fungicidal function downstream of robust M1 
polarization. Our studies of macrophages from infected lungs and 
BMDMs revealed neither a defect in macrophage polarization 
nor a defect in their effector (killing) functions resulting from 
RIPK3 or FADD deletion (Figure 7). In spite of this, we observed 
paradoxical impairment of pulmonary fungal clearance in both 
Ripk3−/− and Ripk3−/−Fadd−/− mice (Figure 2). One explanation 
for this observation is that the excessive systemic activation of 
microbicidal factors in macrophages resulted in exhaustion of 
these effectors cells even before they reached the infection site, 
which seems to be consistent with our data (Figures 4 and 7). 
Additionally, the excessive accumulation of neutrophils at the 
infection site interfered with macrophage and T-cell fungicidal 
functions, since an excessive accumulation of neutrophils have 
been reported to contribute to tissue damage and defects in the 
clearance of other fungal organisms (46, 47).

The final observation in our study is quite strong independ-
ence of immunoregulatory effects exerted by RIPK3 and FADD 
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from apoptotic or necroptotic cell death. The diminished 
apoptosis likely contributed to the excessive accumulation of 
neutrophils in infected Ripk3−/−Fadd−/− mice (Figures  3, 4B 
and 9D) since, granulocytes are typically eliminated via extrin-
sic apoptosis after a brief period of activation (48). However, 
the enhanced neutrophil accumulation was also observed in 
Ripk3−/− mice without significant effect on neutrophil APF. 
Likewise, APF in eosinophil population was greatest in the 
infected Ripk3−/−Fadd−/− mice, demonstrating that eosinophil 
apoptosis did not require or was positively regulated by FADD 
or RIPK3. Furthermore, RIPK3 and FADD deletion appeared 
not to affect APF in T and B cells, monocytes, DCs, or epithelial 
cells in the infected lungs. Finally, our outcomes do not favor 
necroptosis as an important pathway defining host–pathogen 
interactions during C. neoformans infection (Figure 10). Thus, 
while future studies are needed to provide definitive answers, 
our data favor the hypothesis that RIPK3 and FADD can induce 
immunoregulatory effects during fungal infection in a manner 
independent of their role in PCD responses, but chiefly by 
regulating cytokine responses.

In summary, our results demonstrate, for the first time, that 
RIPK3 and FADD are vital components of the immune responses 
to fungal pathogens. These molecules are required for fine-tuning 
of inflammatory responses during infection, acting as power-
ful regulators of Th1 and Th2 polarization. They contribute to 
optimal fungal clearance and serve as indispensable “nodes” in 
immunoregulatory network supporting tissue damage control in 
fungal-infected host.
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Aspergillus fumigatus is the most prevalent filamentous fungal pathogen of humans, 
causing either severe allergic bronchopulmonary aspergillosis or often fatal invasive 
pulmonary aspergillosis (IPA) in individuals with hyper- or hypo-immune deficiencies, 
respectively. Disease is primarily initiated upon the inhalation of the ubiquitous airborne 
conidia—the initial inoculum produced by A. fumigatus—which are complete develop-
mental units with an ability to exploit diverse environments, ranging from agricultural 
composts to animal lungs. Upon infection, conidia initially rely on their own metabolic 
processes for survival in the host’s lungs, a nutritionally limiting environment. One such 
nutritional limitation is the availability of aromatic amino acids (AAAs) as animals lack the 
enzymes to synthesize tryptophan (Trp) and phenylalanine and only produce tyrosine 
from dietary phenylalanine. However, A. fumigatus produces all three AAAs through 
the shikimate–chorismate pathway, where they play a critical role in fungal growth and 
development and in yielding many downstream metabolites. The downstream metab-
olites of Trp in A. fumigatus include the immunomodulatory kynurenine derived from 
indoleamine 2,3-dioxygenase (IDO) and toxins such as fumiquinazolines, gliotoxin, and 
fumitremorgins. Host IDO activity and/or host/microbe-derived kynurenines are increas-
ingly correlated with many Aspergillus diseases including IPA and infections of chronic 
granulomatous disease patients. In this review, we will describe the potential metabolic 
cross talk between the host and the pathogen, specifically focusing on Trp metabolism, 
the implications for therapeutics, and the recent studies on the coevolution of host and 
microbe IDO activation in regulating inflammation, while controlling infection.

Keywords: Aspergillus fumigatus, tryptophan metabolism, iDO, kynurenines, toxins, non-ribosomal peptides, 
peripheral tolerance, Th17 cells

iNTRODUCTiON

Aspergillus fumigatus is a saprophytic fungus that has a worldwide distribution. The asexual spores 
(called conidia) are ubiquitous and individuals inhale hundreds of spores daily. While most inhaled 
conidia are cleared by individuals with a healthy immune system, A. fumigatus can act as an oppor-
tunistic human pathogen in individuals with altered immune functions. Disease presentation can 
vary on the status of the host’s immune system; A. fumigatus can cause allergic bronchopulmo-
nary aspergillosis, a severe allergenic response, in the hyper-immune, or the fatal invasive growth 
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TAble 1 | Aspergillus fumigatus non-ribosomal peptides containing aromatic 
amino acids (AAAs) in their peptide structure.

Toxin AAAa interaction with hostb-i

Fumigaclavine Cb Tryptophan 
(Trp)

Downregulation of Th1 cytokines 
including TNF-α, IL-1β, and IL-17A.
Induction of host cell apoptosis
Decrease activation of caspase-1

Fumiquinazoline Cc Anthranilate
Trp

Cytotoxic

Fumisoquind Tyrosine Nothing reported

Fumitremorgine

Tryprostatin Af

Verruculogeng

Trp Neurotoxic and produces tremors 
in mice
Tryprostatin causes the inhibition of 
microtubule assembly
Verruculogen causes modification 
of the electrophysiological 
properties of HNEC

Gliotoxinh Phenylalanine Virulent in a steroid murine model 
of IPA
Induction of host cell apoptosis and 
causes epithelial cell damage
Inhibition of phagocytosis and 
oxidative bursts

Hexadehydroastechromei Trp Overexpression resulted in a 
significantly higher virulence in a 
neutropenic murine model of IPAb

IPA, invasive pulmonary aspergillosis; HNEC, human nasal epithelial cells.
aOnly the AAA is designated. Other amino acids are also in the structure of these 
metabolites.
b–iBiosynthesis and host interactions based from the following sources: b(11, 12); c(13); 
d(14); e(15, 16); f(17); g(18, 19); h(7, 20); i(21, 22).
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invasive pulmonary aspergillosis (IPA) in the hypo-immune, or 
in individuals with other susceptibilities such as patients unable 
to mount the necessary oxidative defenses such as in individuals 
with chronic granulomatous disease (CGD) (1).

The manifestation of disease is dependent not only on the 
host’s immune status but also fungal factors including strain 
heterogeneity (2). A. fumigatus growth in the mammalian lung, 
following survival of resident pulmonary defenses, requires the 
fungus to adapt to a hypoxic and nutritionally scarce environ-
ment. Aspergillus mutants unable to synthesize primary metabo-
lites necessary for growth are generally impaired in virulence. 
For example, deletion of cpcA, a transcription factor that globally 
modulates amino acid biosynthesis in the fungus led to a less 
virulent phenotype in a murine model of IPA (3). Additional 
studies have shown that mutants in sulfur utilization (4), uracil/
uridine synthesis (5), zinc uptake, iron acquisition, and many 
more (6, 7) are also decreased in virulence.

To complicate disease progression further, there is an alarm-
ing rise in antifungal resistance strains of A. fumigatus (8, 9). 
Therefore, an understanding of A. fumigatus and host metabolic 
pathways is important in identifying nutrient limitations. One 
critical metabolic pathway is the biosynthesis of aromatic amino 
acids [AAAs, tryptophan (Trp), phenylalanine, and tyrosine], 
which are required not only for growth of A. fumigatus but are 
also precursors for several toxins (Table  1). The host relies on 
dietary sources for all AAAs while A. fumigatus synthesizes all 

three. However, the host and A. fumigatus both possess AAA 
catabolic enzymes. In particular, one key enzyme important in 
immune homeostasis is indoleamine 2,3-dioxygenase (IDO), 
which converts Trp to kynurenine and related metabolites in both 
organisms. Historically, host IDOs activity has been described as 
an effective antimicrobial control for pathogens that are natural 
Trp auxotrophs such as Staphylococcus aureus, Chlamydia spp., and 
Toxoplasma gondii, presumably by Trp starvation (10). However, 
A. fumigatus can synthesize its own Trp and thus the Trp starva-
tion may not be an effective pathogen control for those microbes 
able to synthesize their own Trp pools. Although, IDOs also play 
additional roles in host defenses through modifying kynurenine 
levels and subsequent cytokine responses as described below. 
In this review, we will summarize the recent studies describing 
the anabolic and the catabolic pathways of Trp metabolism, the 
implications for therapeutics, and the host–pathogen interaction.

Trp SYNTHeSiS AND POTeNTiAl 
THeRAPeUTiC TARGeTiNG

Chorismic acid derived from the shikimic acid pathway is a key 
intermediate in producing Trp, phenylalanine (Phe), and tyrosine 
(Tyr) in microorganisms including A. fumigatus (Figure 1). Trp 
and Phe are classified as essential amino acids, whereas mam-
mals acquire them from diet, whereas Tyr is synthesized via the 
hydroxylation of Phe (23, 24). The absence of the AAA biosynthetic 
enzymes and the low bioavailability of Trp in humans makes the 
Trp biosynthetic enzymes attractive targets for antifungals (25).

Fungal Trp Anabolic Pathway
Aromatic amino acid synthesis has been extensively studied in 
Saccharomyces cerevisiae and provides the basis for the functional 
characterization of orthologous enzymes in filamentous fungi 
(23, 24, 26–28). The shikimic acid pathway is a 7-enzymatic step 
reaction that initiates with two substrates, phosphoenolpyruvate 
(PEP) and erythrose-4-phosphate (E4P), which are intermediates 
of glycolysis and pentose phosphate pathways, respectively (29) 
(Figure  1). The first step of the shikimic acid pathway is cata-
lyzed by 3-deoxy-d-arabinoheptulosonate 7-phosphate (DAHP) 
synthase to convert PEP and E4P to DAHP. In S. cerevisiae and A. 
nidulans, there are two DAHP synthases, Aro3 and Aro4, which 
are allosterically inhibited by phenylalanine and tyrosine, respec-
tively (24). Steps 2–6 in filamentous fungi such as A. nidulans 
and A. fumigatus are completed by the pentafunctional enzyme 
AroM, or Aro1 in the model organism S. cerevisiae (30). The 
shikimate pathway culminates in the production of chorismic 
acid synthesized by the enzyme chorismate synthase (AroB) from 
5-enolpyruvylshikimate-3-phosphate (EPSP) (31).

The synthesis of Trp from chorismate is initiated by an anthra-
nilate synthase (AS), which converts chorismate to anthranilate, 
followed by three enzymatic steps as presented in Figure 1 with 
the respective functions outlined in Table 2. AS(s) in S. cerevisiae 
have been characterized, and it consists of two subunits: anthra-
nilate synthase subunit I (AAS-I), which binds chorismate and is 
subject to feedback inhibition by Trp and anthranilate synthase 
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FiGURe 1 | Tryptophan anabolism of Aspergillus fumigatus. [Modified from 
that of Wang et al. (28)]. Solid arrows indicate characterized reaction as being 
present in A. fumigatus with product detected. Dashed arrows indicate 
uncharacterized reactions; however, putative orthologs are present in A. 
fumigatus.
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subunit II (AAS-II) which is a glutamine amidotransferase (32). 
The A. nidulans trpC, an AAS-II encoding gene, was characterized 
in 1977 (33) and found exchangeable with an A. fumigatus trpC in 
1994 (34). Wang et al. (28) recently characterized trpE, the AAS-I 

encoding gene in A. fumigatus. Wang et  al. (28) explored the 
functions of two putative AAS-Is termed trpE and icsA by creating 
null mutants. The deletion of trpE led to a Trp auxotrophic strain, 
whereas the deletion of icsA did not. To ensure that icsA did not 
serve a redundant role for Trp synthesis, the group overexpressed 
icsA in a trpE deletion and showed that the overexpression of icsA 
does not reverse the Trp auxotrophy concluding that TrpE is the 
only AS in A. fumigatus. Interestingly, the group showed that IcsA 
is an active enzyme in A. fumigatus as the precursor-chorismate 
pool is altered in the absence or overproduction of IcsA; however, 
the product is not known (28). Sasse et al. also confirmed that 
deletion of trpE (they termed trpA) results in an A. fumigatus Trp 
auxotrophy (31).

The Shikimate Pathway As Potential 
Antifungal Targets
Currently, there are four major classes of antifungals: azoles and 
amphotericin B targeting ergosterol, 5-fluorocytosine targeting 
DNA synthesis, and echinocandins targeting cell wall synthesis. 
These antifungals either exhibit high toxicity to the mammalian 
cell (particularly amphotericin B and 5-fluorocytosine) or lose 
efficacy due to the emergence of drug resistant strains (azoles 
and echinocandins) (9). With A. fumigatus being a eukaryotic 
pathogen and sharing many proteins with mammalian hosts, 
there are limitations to developing effective and safe antifungals 
and therefore a great need for treatments that are fungal specific. 
Since Trp is a human-essential amino acid and the enzymes in 
the biosynthesis are fungal specific, several studies have sug-
gested utilizing and finding drugs to target the enzymes of this 
pathway (35–38).

Targeting essential amino acid pathways have already shown 
potential for new classes of antifungals. Several groups have 
explored inhibitors of genes or enzymes involved in methionine 
biosynthesis. Azoxybacillin, a compound isolated from B. cereus 
targets methionine biosynthesis by interfering with expression of 
homoserine transacetylase and sulfite reductase encoding genes 
(39–41). Whereas azoxybacillin displayed a broad spectrum 
antifungal activity in vitro, in vivo activity was low possibly due 
to bioavailability in the host (41). R1-331, a natural product from 
Streptomyces akiyoshiensis, is an effective inhibitor of homoserine 
dehydrogenase involved in both methionine and threonine bio-
synthesis (42, 43). Yamaguchi et al. show that R1-331 was active 
against medically important fungi such as Candida albicans and 
Cryptoccocus neoformans and proved to be effective in the treat-
ment of systemic murine candidiasis (42, 44).

Compounds targeting AAA pathways are limited with the most 
famous being the herbicide Roundup, where the active ingredi-
ent glyphosate inhibits EPSP synthase, one of the first enzymes 
initiating the shikimate pathway (45) (Figure 1). Glyphosate has 
shown to inhibit growth of several fungi including Candida malt-
ose (46), Pneumocystis (47), and Cryptococcus neoformans where 
glyphosate delayed fungal melanization in vitro and in vivo and 
prolonged mice survival during infection (48). Another inhibitor 
of AAA pathway is a fluorinated anthranilate moiety, 6-FABA, 
which targets the TrpE enzyme and showed bactericidal activity 
when used on Mycobacterium tuberculosis (49). The studies of 
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TAble 2 | Aspergillus fumigatus tryptophan (Trp) metabolism genes and putative protein function.

Protein Ortholog in Saccharomyces cerevisiae Gene name in A. fumigatus Protein functiona Ortholog in mammals

Chorismate biosynthesis
AroF Aro3 Afu1g02110 DAHP synthase –
AroG Aro4 Afu7g04070
AroM Aro1 Afu1g13740 EPSP synthase –
AroB Aro2 Afu1g06940 Chorismate synthase –

Aromatic amino acid (AAA) biosynthesis

TrpE Trp2 Afu6g12580 Anthranilate synthase –
TrpC Trp3 Afu1g13090
TrpD Trp4 Afu4g11980 Anthranilate phosphoribosyltransferase –
TrpC Trp1 Afu1g13090 Phosphoribosylanthranilate isomerase –
TrpB Trp5 Afu2g13250 Trp synthase –
IcsA – Afu6g12110 Isochorismate synthase –
AroC Aro7 Afu5g13130 Chorismate mutase –
PheA Pha2 Afu5g05690 Prephenate dehydratase –
TyrA Tyr1 Afu2g10450 Prephenate dehydrogenase –
AroH Aro8 Afu2g13630 AAA transaminase –
AroI Aro9 Afu5g02290

Trp degradation

IdoA Bna2 Afu3g14250 Indoleamine 2,3-dioxygenases IDO1
IdoB Bna2 Afu4g09830 IDO2
IdoC Bna2 Afu7g02010 TDO
FmdS Bna7 Afu1g09960 Kynurenine formamidase AFMID
Bna4 Bna4 Afu6g07340 Kynureninase
Bna5 Bna5 Afu4g09840 KYNU
AroH Aro8 Afu2g13630 AAA transaminase LAAO
AroI Aro9 Afu5g02290
AadA – Afu3g02240 Trp carboxylase AADC
MaoN – Afu3g00100 Monoamine oxidase MAOA
AldA Ald4 Afu2g00720 Aldehyde dehydrogenase ALDH

Ald5 Afu7g01000
Afu6g11430

aPrediction of protein function based on AspGD (http://www.aspgd.org/) and KEGG (http://www.genome.jp/kegg/kegg2.html).
DAHP synthase, 3-deoxy-d-arabinoheptulosonate 7-phosphate synthase; EPSP synthase, enolpyruvylshikimate-3-phosphate synthase; AFMID, arylformamidase; KYNU, 
kynureninase; LAAO, l-amino-acid oxidase; AADC, aromatic-l-amino-acid decarboxylase, MAOA, monoamine oxidase; ALDH2, aldehyde dehydrogenase family.
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these inhibitors suggest that the Trp biosynthetic pathway could 
be fruitful in future antifungal drug design.

The value of AAA pathways as drug targets is supported by 
the findings that AAA auxotrophic mutants are less virulent in 
animal infection models. Sasse et al. explored the possibility of 
these pathways as potential drug target by testing the virulence of 
several AAA auxotrophic mutants in a murine IPA model (31). 
This study demonstrated that AroM (Figure 1) was required for 
A. fumigatus viability. The group also constructed a conditional 
AroB repression strain that was attenuated virulence. Both a Trp 
auxotroph (TrpE mutant) and Tyr/Phe auxotroph (AroC mutant) 
were severely attenuated in virulence for pulmonary infection. 
Interestingly, the group also unveiled a putative difference in 
AAA distribution within the host by conducting a systemic infec-
tion showing that in a bloodstream infection the TrpE and the 
AroC mutants although less virulent, can establish some infec-
tion (31). Taken together, these results suggest that inhibitors 
of AAA biosynthetic pathways can potentially be used against  
A. fumigatus as a standalone treatment in a localized pulmonary 
infection or as an additive treatment in a systemic infection. The 
result of the bloodstream infection observed by Sasse et al. also 
suggests that there are mechanisms for the fungus to sense Trp 

in its environment and utilize it. In S. cerevisiae, the Trp specific 
permease, Tat2, is required for Trp uptake in yeast (50) and its 
closest homolog in A. fumigatus (Afu7g04290) is upregulated 
during fungal encounters with neutrophils (51) and dendritic 
cells (52). In A. nidulans, the G-protein coupled receptor (Gpr) 
H may be responsible for sensing Trp and glucose and GprH 
is conserved in A. fumigatus (53, 54). Perhaps, for a systemic 
infection, inhibition of specific permeases or development of 
a GprH antagonist would be useful in reducing infections by 
Aspergillus.

CATAbOliC Trp MeTAbOliTeS iN FUNGi 
AND HOST

Although the anabolic Trp pathway is absent in mammals, the 
common catabolic pathways exist in the mammalian host with 
possession of the same enzymes as A. fumigatus (Figure  2). 
Through the expression of Trp degradation enzymes, immune 
cells are both controlling inflammation and combating microbial 
infection. In addition to Trp degradation pathways conserved 
with animals, A. fumigatus can also direct Trp pools to secondary 
metabolites that may impact host health and response (Table 1).
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FiGURe 2 | Tryptophan catabolism of Aspergillus fumigatus. Highlighted products are putatively produced in the mammalian host as the orthologous enzymes are 
present in the host (http://www.genome.jp/kegg). Solid arrows indicate characterized reaction as being present in A. fumigatus with product detected. Dashed 
arrows indicate uncharacterized reactions, however putative orthologs are present in A. fumigatus.
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Fungal Trp Catabolism
There are three putative pathways (Figure  2; Table  2) for the 
degradation of Trp in A. fumigatus. The kynurenine branch is 
catalyzed by IDOs that convert Trp into formylkynurenine. In A. 
fumigatus, there are 3 putative ido genes: idoA, idoB, and idoC, 
the orthologs of A. oryzae idoα, idoβ, and idoγ, respectively (55). 
Enzymatic studies of Aspergillus oryzae IDO enzymes suggest two 
of the three enzymes, IDOα, and IDOβ, may participate in Trp 
degradation as they have a higher affinity of its substrate. However 
the recent study by Wang et al., suggested IDOb might be the more 
dominant enzyme than IDOa as determined by gene expression 
of A. fumigatus grown on Trp amended media (28). Additionally, 

idoC gene expression was slightly induced by the addition of 
Trp, but the authors note that IDOc had a closer relationship 
to bacterial IDOs than to fungal IDOs (28, 55). In S. cerevisiae, 
formylkynurenine is further oxidized to the immunomodulatory 
product kynurenine by a kynurenine formamidase denoted as 
Bna7, which has been described in A. nidulans and is predicted 
to be involved in NAD (+), biosynthesis (56). The kynurenine 
branch in fungi is involved in the de novo biosynthesis of NAD 
(+), a coenzyme that is required for oxidation-reduction reac-
tions (57).

Tryptophan can also be metabolized via the indole pyruvate 
pathway, initiated through the transamination of Trp by aromatic 
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TAble 3 | Summary of studies where IDO enzyme activity was found to be implicated in fungal infections.

Fungus Mouse model iDO Outcome Reference

Candida albicans Gastrointestinal inf. Upregulation Protection of the host against fungus (76)
C. albicans Gastrointestinal inf. Upregulation Protection of the host against fungus (77)
C. albicans Gastrointestinal inf. Upregulation Protection of the host against fungus (78)
C. albicans In vitro Downregulation Not done (79)
Aspergillus fumigatus Keratitis Upregulation Protection of the host against fungus (80)
A. fumigatus Allergy Overexpression Protection of the host against fungus (81)
A. fumigatus IPA Upregulation Protection of the host against fungus (82)
A. fumigatus IPA in chronic granulomatous disease mice Upregulation Protection of the host against fungus (83)
A. fumigatus IPA in CF mice Upregulation Protection of the host against fungus (84)
Paracoccidioides brasiliensis Pulmonary infection Upregulation Protection of the host against fungus (85)
P. brasiliensis Pulmonary infection Upregulation Protection of the host against fungus (86)
P. brasiliensis Pulmonary infection Upregulation Protection of the host against fungus (87)
Histoplasma capsulatum Pulmonary infection Downregulation Protection of the host against fungus (88)
H. capsulatum Pulmonary infection Upregulation Protection of the host against fungus (89)
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aminotransferases (termed Aro8 and Aro9 in S. cerevisiae). These 
aromatic aminotransferases are also involved in the synthesis of 
Phe and Tyr in S. cerevisiae, and their orthologs are present in 
A. fumigatus (28). In S. cerevisiae, the deletion of both Aro8 and 
Aro9 results in Phe and Tyr auxotrophies (24, 58, 59). In Candida 
spp., where filamentation and pigment production play a role in 
virulence, the products of these enzymes have been described to 
influence both phenotypes. The deletion of aro8 in C. glabrata 
results in a reduced pigment production and leads to an increased 
sensitivity to hydrogen peroxide (27). The aro8 and aro9 mutants 
of C. albicans results in a decreased conversion of Trp to indole 
acetaldehyde, which is formed via decarboxylation of indole 
pyruvate. Filamentation of C. albicans increased with the expo-
sure to indole acetaldehyde (60).

Indole acetaldehyde can also be produced via the third puta-
tive product of Trp degradation: tryptamine. Tryptamine is most 
famously known as the active compound in psilocybin and for 
its similarity to serotonins (61). Although the production of 
tryptamine has yet to be described in A. fumigatus, the down-
stream product of the tryptamine and indole pyruvate pathway, 
indole acetic acid has been described in several Aspergillus 
spp. including A. fumigatus (62, 63). Downstream metabolism 
of kynurenine, indole pyruvate, and tryptamine has not been 
explored further, but A. fumigatus does possess putative enzymes 
for the re-synthesis of anthranilate, the precursor to Trp (as 
denoted in Figures 1 and 2).

AAA incorporation into Aspergillus Toxins
Many filamentous fungi, including A. fumigatus, produce bioac-
tive small molecules that can have detrimental impacts on human 
health. Subsets of these toxins are small peptides synthesized by 
non-ribosomal peptide synthetases (NRPS). Several pathogenic 
Aspergillus species synthesize AAA derived peptides including gli-
otoxin (Phe and serine) (64), fumiquinazoline (Trp, Anthranilate, 
and Alanine) (13), fumigaclavine (Trp) (65), fumitremorgin (Trp 
and Proline) (66), hexadehydroastechrome (Trp and Alanine) 
(21), fumisoquin (Tyr, Serine, and Methionine) (14), DPP-IV 
inhibitor WYK-1 (Trp, Tyr, and Leucine) (67), cyclopiazonic acid 
(Trp) (68) and benzomalvin (Phe and Anthranilate) (69). Table 1 

summarizes the known AAA derived secondary metabolites of A. 
fumigatus and their effect on the host.

Although, fumiquinazolines have yet to be assessed for 
virulence in an animal model, they are known to have cytotoxic 
properties (13). Fumigaclavines have been described to have 
immunosuppressive properties in several studies including the 
suppression of antifungal cytokines such as TNFα, IL-17, and 
IFN-γ (12). Fumitremorgin, verruculogen, and tryprostatin—all 
related products of the fumitremorgin pathway—induce tremor-
genic activity in mice and act on the central nervous system (15, 
66, 70, 71). Mutants in the hexadehydroastechrome pathway (21) 
and gliotoxin (20, 21) pathways have altered virulence in murine 
IPA models. Decreased virulence of the gliP mutant (GliP is the 
NRPS required for gliotoxin synthesis) is dependent on host 
immune status [reviewed in Ref. (7)]. Overexpression of hasA 
encoding the hexadehydroastechrome transcription factor and 
thus leading to increased hexadehydroastechrome production 
was more virulent than wild type A. fumigatus in a neutropenic 
model of IPA (21). Although the exact mechanism underlying 
the increased virulence of the OE::hasA strain is unknown, iron 
homeostasis and cross talk between metabolic pathways may 
contribute to the increased virulence of OE::hasA (22). These 
studies highlight the potential contribution of AAA derived 
toxins in virulence of A. fumigatus.

Host Trp Catabolism via iDO
The function of host IDO during mammalian infection was 
originally thought to center on the anti-proliferative effects of 
pathogenic microorganism via deprivation of Trp exerted by 
the host. IDO is up-regulated by interferon gamma (IFNγ) and 
depletes Trp (the least abundant essential amino acid) to inhibit 
pathogen expansion (72, 73), as demonstrated in the constraint of 
chlamydial growth (74). Numerous studies have since implicated 
IDO activity as important in fungal infections and have reported 
the relative outcomes of IDO expression on disease progression 
(Table  3). Accumulating data continues to support that IDO 
participates in the host–pathogen interaction in human epithelial 
cells; therefore, the co-evolution of host and microbe Trp metabo-
lism has been investigated (75). The current consensus is that IDO 
activation is pivotal in regulating inflammatory processes directly 
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via Trp depletion and indirectly via the IDO-mediated release of 
Trp catabolic secondary metabolites (namely, kynurenines).

Dietary Trp is catabolized by two different IDO protein 
isoforms, IDO1 and IDO2 that are expressed by immune cells, 
and TDO (Trp 2,3-dioxygenase) that is mainly expressed in the 
liver. Cells involved in the innate processes of the anti-microbial 
defense, such as dendritic cells (DCs), neutrophils, and mac-
rophages express IDO1 upon microbial encounter mainly via 
toll-like receptor stimulation. How fungi specifically induce IDO 
expression is not known; however, induction by other pathogens 
is associated with pathogen associated molecular patterns, 
including lipopolysaccharides and CpG oligodeoxynucleotides 
(78, 90–92), underlining a role for kynurenine metabolism in 
microbial-induced inflammatory processes.

iDO-Mediated Tolerance: impacts on 
Antimicrobial Responses
Evolutionary studies have shown that the host immune defense 
against microbes is characterized by three different mechanisms: 
avoidance, resistance, and tolerance (93). Modules of immunity 
provide resistance to limit pathogen burden and tolerance and 
host damage caused by the immune reaction per se. However, the 
inflammatory reaction, although largely considered beneficial 
for its antimicrobial functions, may also contribute to patho-
genicity. Thus, rescue from infection pathology may not only 
depend on microbial colonization (and inactivation of resistance 
mechanisms) but also on the resolution of tissue inflammatory 
pathology through tolerogenic responses to pathogens (94).

Studies using a mouse model of mucosal or invasive C. albicans 
infection found that systemic inhibition of IDO in vivo reduced 
gastrointestinal inflammation and unexpectedly, elevated the 
levels of fungal colonization compared to control mice (77). 
Notably, tolerogenic responses toward C. albicans were abrogated 
when IDO was antagonized in vivo, as shown in various models 
of inflammatory disorders (95, 96). As with C. albicans, IDO and 
kynurenine production during A. fumigatus infection contributes 
to fungal pathogen eradication and the regulation of an unac-
ceptable level of tissue damage (97). Indeed, IDO can increase 
kynurenine host levels to induce adaptive Treg expansion while 
limiting Th17 polarization (83, 96). In this context, the Th17 
pathway, which downregulates Trp catabolism, may instead favor 
pathology and better explain the paradoxical correlation between 
fungal infection and chronic inflammation (98).

Another example of this paradox was demonstrated in the 
context of CGD, in which an NADPH oxidase defect results 
in reduced host production of antimicrobial ROS and extreme 
susceptibility to Aspergillus infections (1, 83). Although human 
studies have excluded a role for IDO in CGD (99), further inves-
tigations into the IDO pathway are warranted as such studies have 
failed to demonstrate functional IDO activity at sites of chronic 
inflammation. Measures of IDO functional activity during IPA 
have, however, been made in mouse models, and implicate 
defective IDO activity as a key mediator of chronic inflammation 
in CGD (83). An exaggerated Th17 pulmonary response was 
associated with reduced fungal clearance in mouse models of 
CGD that develop IPA. Here, reduced IDO function was directly 

related to NADPH/ROS deficiency, as ROS is essential for IDO 
catalytic activity in mammals (100). ROS deficiency as a result of 
reduced NADPH function, significantly enhanced IL-17 inflam-
mation and fungal germination in the lung, thus further reducing 
neutrophil-mediated antimicrobial activities (83).

Since regulation of homeostasis and peripheral tolerance 
are extremely important in prevention of invasive Aspergillosis 
or allergy to Aspergillus antigens (97, 101), the role of IDO has 
been extensively studied in this model of fungal infection (81, 82, 
102). These studies highlight the induction of the IDO metabolic 
pathway at different site of fungal colonization as keratinocytes or 
lung as well as the important anti-inflammatory activity of IDO 
in the tissue microenvironment (80–82, 84).

Aryl Hydrocarbon Receptor (AhR) 
Activation by iDO Metabolites in 
Mammals: biological Consequences
The AhR is a ligand-activated transcription factor first identified 
for its role during embryonic development and induction of 
xenobiotic metabolizing enzymes as a response to environmen-
tal toxins, such as dioxin (103). More recently, AhR has been 
shown to play a critical role in immunity by acting as an immune 
modulator during fungal infection (85). The connection between 
the AhR and the immune response lies in part in the endogenous 
Ahr ligands, which comprise many Trp metabolites, including 
kynurenine (104). Microbial Trp-derived metabolites can acti-
vate the AhR, leading to adjustments in the immune response 
that may hinder disease development (105). The AhR–IDO axis 
has been recently demonstrated in fungal infection, highlighting 
a role for IDO-derived metabolites to trigger AhR target genes 
(85, 106). For example, one AhR target gene, Il22, has been 
widely studied in the context of fungal/microbial infections (105, 
107–109). AhR activation by IDO metabolites can also mediate 
the expansion of peripheral Treg with anti-inflammatory prop-
erties. Using IDO-deficient mice, increased pulmonary disease 
caused by Paracoccidioides brasiliensis was associated with 
decreased Treg expansion and reduced AhR protein expression 
(85). In murine models of IPA, distinct Treg populations capable 
of mediating anti-inflammatory effects expand following expo-
sure to Aspergillus conidia (97). Late in infection, tolerogenic 
adaptive Treg (with shared phenotypic identity with the Treg 
controlling autoimmune diseases or diabetes) produce IL-10 
and TGFβ, inhibit Th2 cells, and prevent an allergic reaction to 
Aspergillus (97).

CONClUSiON

The interplay of Trp metabolic pathways and fungal/host interac-
tions is intriguing with many unanswered questions of the exact 
nature of crosstalk of shared metabolites and consequences of 
activation of Trp degradative pathways. In Aspergillus infections 
in particular, not only does the pathogen synthesize and degrade 
Trp but it also can utilize this amino acid (and its precursor 
anthranilate or the other two AAAs Tyr and Phe) to yield several 
potentially damaging toxins (Table  1). Also, as both host and 
Aspergillus share catabolic IDO pathways, it is unclear which 
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organism may generate immunomodulatory Trp degradation 
products and if they respond to each other’s products (e.g., 
kynurenine). Development of A. fumigatus IDO mutants for 
investigation of disease development could yield valuable infor-
mation on this front. The research on the expression host IDOs 
exhibit the importance of an extremely coordinated immune 
response to mount the right inflammatory response for clearance 
of spores. However, while an increased IDO expression in the 
host can control inflammation, the suppression of the IDO-
regulated antifungal Th17 responses can favor fungal growth. In 
this context, it will be critical to explore the entire IDO-mediated 
innate response, including the specific T cell regulatory subsets 
affected by IDO activity.

Although the Trp catabolic pathway is shared between host 
and pathogen, the anabolic pathway is unique to A. fumigatus. 
The antifungals currently used in treatment are becoming increas-
ingly ineffective with emerging drug resistant strains; therefore, 
drugs targeting essential fungal specific pathways are needed. A 
proposal for fungal treatment has been highlighted through the 

studies of essential amino acids. As AAA mutants are auxotrophs 
and decreased in virulence (28, 31), investigations of drugs target-
ing these pathway enzymes could lead to novel antifungal com-
pounds. Indeed, a few compounds have exhibited some efficacy 
in targeting Trp metabolic pathways in M. tuberculosis and several 
fungi and efforts to identify additional inhibitors are warranted.
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Disease Tolerance Mediated by 
Phosphorylated indoleamine-2,3 
Dioxygenase confers resistance  
to a Primary Fungal Pathogen
Eliseu Frank de Araújo1, Flávio Vieira Loures1, Cláudia Feriotti1, Tania Costa1,  
Carmine Vacca2, Paolo Puccetti 2, Luigina Romani2 and Vera Lúcia Garcia Calich1*

1 Department of Immunology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil,  
2 Department of Experimental Medicine, University of Perugia, Perugia, Italy

Resistance to primary fungal pathogens is usually attributed to the proinflammatory 
mechanisms of immunity conferred by interferon-γ activation of phagocytes that control 
microbial growth, whereas susceptibility is attributed to anti-inflammatory responses that 
deactivate immunity. This study challenges this paradigm by demonstrating that resis-
tance to a primary fungal pathogen such as Paracoccidiodes brasiliensis can be medi-
ated by disease tolerance, a mechanism that preserves host fitness instead of pathogen 
clearance. Among the mechanisms of disease tolerance described, a crucial role has 
been ascribed to the enzyme indoleamine-2,3 dioxygenase (IDO) that concomitantly 
controls pathogen growth by limiting tryptophan availability and reduces tissue damage 
by decreasing the inflammatory process. Here, we demonstrated in a pulmonary model 
of paracoccidioidomycosis that IDO exerts a dual function depending on the resistant 
pattern of hosts. IDO activity is predominantly enzymatic and induced by IFN-γ signaling 
in the pulmonary dendritic cells (DCs) from infected susceptible (B10.A) mice, whereas 
phosphorylated IDO (pIDO) triggered by TGF-β activation of DCs functions as a signaling 
molecule in resistant mice. IFN-γ signaling activates the canonical pathway of NF-κB 
that promotes a proinflammatory phenotype in B10.A DCs that control fungal growth but 
ultimately suppress T cell responses. In contrast, in A/J DCs IDO promotes a tolerogenic 
phenotype that conditions a sustained synthesis of TGF-β and expansion of regulatory 
T cells that avoid excessive inflammation and tissue damage contributing to host fitness. 
Therefore, susceptibility is unexpectedly mediated by mechanisms of proinflammatory 
immunity that are usually associated with resistance, whereas genetic resistance is 
based on mechanisms of disease tolerance mediated by pIDO, a phenomenon never 
described in the protective immunity against primary fungal pathogens.

Keywords: paracoccidioidomycosis, indoleamine-2,3 dioxygenase, pulmonary dendritic cells, disease tolerance, 
phosphorylated indoleamine-2,3 dioxygenase, signaling function

inTrODUcTiOn

Indolamine-2,3 dioxygenase (IDO) is an intracellular enzyme of crucial importance in the tryp-
tophan (trp) catabolism acting along the kynurenine (Kyn) pathway (1, 2). Although the cytokine 
IFN-γ is considered the major inducer of IDO expression, TGF-β, TNF-α, prostaglandins, and 
toll-like receptor ligands, among others, have also the ability of promoting the expression of the 
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IDO gene (3–5). Among the cells of myeloid origin, dendritic 
cells (DCs) express the highest levels of IDO that is, however, 
also present in macrophages, neutrophils, endothelial cells, and 
fibroblasts (6–8).

Indolamine-2,3 dioxygenase was primarily associated with 
host defense against pathogens due to trp starvation caused by 
its enzymatic activity (9–11). However, the recent recognition 
of the immunoregulatory function of IDO and Kyn, put IDO to 
another level of knowledge and relevance (11, 12). Indeed, IDO 
has been recently described as an intracellular signaling molecule 
involved in the sustained tolerogenic activity of DCs. This signal-
ing function is mediated by TGF-β signaling that promotes IDO 
phosphorylation that ultimately activates the non-canonical 
NF-κB pathway that triggers genes encoding IDO, TGF-β, IFN-
α, and IFN-β, that maintain the tolerogenic activity of murine 
plasmacytoid DCs (12). This likely accounts for the ability of 
IDO to favor microbial persistence and concomitant control of 
inflammation during chronic infections (13–15). Therefore, act-
ing via trp depletion and Kyn production, IDO can inhibit the 
proliferation of T cells and induce their apoptosis. Furthermore, 
through the aryl hydrocarbon receptor (AhR), IDO directs the 
conversion of naive CD4+ T cells into regulatory Foxp3+ T cells 
(Tregs) (13, 16, 17).

Paracoccidioidomycosis (PCM), is a granulomatous disease 
caused by two species of the dimorphic fungus Paracoccidioides, 
P. brasilienis, and P. lutzii (18). Immunoprotection to PCM is 
mediated by prevalent Th1/Th17 immunity, whereas Th2 and Th9 
responses are associated with severe forms of the disease (19–21). 
In a murine model of pulmonary infection, A/J and B10.A mice 
were described, respectively, as resistant and susceptible to PCM. 
The A/J mouse strain develops a chronic and regressive PCM 
restricted to the lungs. Its adaptive immunity is mainly mediated 
by Th1 and Th17 cells that are tightly controlled by elevated num-
bers and activity of Treg cells. In contrast, B10.A mice develop a 
progressive disseminated disease associated with large amounts 
of fungi in non-organized lesions that mimic the severe forms of 
PCM (22–27).

The immunoregulatory mechanisms that control resistance to 
PCM are complex and not yet completely solved. In this aspect, 
our previous studies have shown that in pulmonary PCM, IDO 
is an important immunoregulatory enzyme that promotes fungal 
clearance and inhibits T  cell immunity but only in susceptible 
mice IDO inhibition by 1-methyl-dl-tryptophan (1MT) caused 
progressive tissue pathology and increased mortality rates (28). 
This difference appeared to be mediated by the opposite innate 
immunity of resistant and susceptible mice. Indeed, in B10.A 
mice the innate immunity is preferentially proinflammatory with 
elevated production of IL-12 and IFN-γ, whereas in A/J mice the 
predominant TGF-β secretion provides an anti-inflammatory 
innate response (26–30). These findings led us to hypothesize 
that IDO has distinct immunoregulatory roles in pulmonary 
PCM. Here, we could demonstrate that in susceptible mice IDO 
activity is IFN-γ-dependent and mediated by its catalytic activity, 
whereas in resistant mice a prevalent TGF-β signaling triggered 
IDO phosphorylation imparting a signaling and tolerogenic func-
tion. The TGF-β-IDO-Treg interplay generates an early pathogen 
tolerance that allows A/J mice to interact with a primary fungal 

pathogen as a commensal microbe. Thus, the signaling function 
of pIDO may lead to an unusual fungus–host interaction that 
efficiently balances tolerance and resistance mechanisms to the 
benefit both the pathogen and the host.

MaTerials anD MeThODs

Mice
Susceptible (B10.A) and resistant (A/J) mouse strains to Paracoc
cidiodes brasiliensis infection were obtained from our Isogenic  
Unit (Immunology Department of Institute of Biomedical Sci-
ences of University of São Paulo, Brazil) and used at 8–11 weeks  
of age. Specific pathogen free mice were fed with sterilized labo-
ratory chow and water ad libitum.

Fungus
Paracoccidiodes brasiliensis 18 (Pb 18) was used throughout this 
investigation. To ensure the maintenance of its virulence, the 
isolate was used after three serial animal passages. Pb18 yeast 
cells were maintained by weekly sub cultivation in semisolid Fava 
Netto culture medium at 37°C and used on the seventh day of 
culture. Phosphate-buffered saline (PBS)-washed yeast cells were 
adjusted to 20 × 106 cells/mL based on hemocytometer counts. 
Viability was determined with Janus Green B vital dye (Merck) 
and was always higher than 85%.

1MT Treatment and In Vivo Fungal 
infection
Mice were anesthetized and submitted to intratracheal (i.t.) 
P. brasiliensis infection as previously described. Briefly, after 
intraperitoneal (i.p.) anesthesia the animals were infected with 
1 × 106 Pb18 yeast cells, contained in 50 µL of PBS, by surgical i.t. 
inoculation, which allowed dispensing of the fungal cells directly 
into the lungs. The skins of the animals were then sutured, and 
the mice were allowed to recover under a heat lamp. Groups of 
infected B10.A and A/J mice were treated with daily i.p. injections 
of 5 mg/mL of 1MT or 1 mg/mL of rice starch (Sigma-Aldrich) 
as control. Mice were sacrificed after 96 h or 2 weeks of infection.

isolation of Pulmonary cD11c+ cells
Cell suspensions of the lungs were prepared as previously 
described (31). The lungs were removed and digested for 60 min in 
RPMI-1640 medium (Sigma) containing collagenase (2 mg/mL)  
and DNAse (30 mg/mL). The erythrocytes were lysed with lysis 
buffer (TRIS  +  ammonium chloride) and viability determined 
by the trypan blue exclusion test with viabilities at least to 95%. 
CD11c+ cells were isolated from total pulmonary cells by mag-
netic microbeads (Miltenyi Biotec, Cologne, Germany). Pellets 
of pulmonary cells were counted, washed and the pellet resus-
pended in 400 µL of buffer (PBS + 0.5% BSA + 2 mM EDTA). 
The Trypan Blue dye exclusion test was used to determine the 
number of viable cells present in the DCs cell suspension with 
viabilities at least to 95%. Then, 100  µL of anti-CD11c coated 
microspheres were added for each 108 cells and incubated for 
15 min at 2–8°C. The cells were washed, the supernatant removed 
and the pellet resuspended in 500 µL of buffer. This suspension  
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was fractionated using a magnetic separation column, and puri-
fied CD11c+ DCs obtained. This fractionation methods resulted 
in 95% CD11c+ DCs.

culture of Dcs
The viability of the CD11c+ cells was evaluated by the trypan 
blue exclusion test, and was always higher than 85%. The cell 
suspensions were then centrifuged at 1,200 rpm at 4°C for 10 min 
and resuspended in 1.0  mL of culture medium (RPMI-1640 
medium) supplemented with 10% fetal bovine serum. The cells 
were adjusted to 1 × 106/mL and 500 µL were dispensed into each 
well of 24-well culture plates. The cultures were incubated at 37°C 
in an incubator containing 5% CO2–95% air for 24 h. After this 
period, the cells were removed and used in different assays.

cFU assay
After 24  h of culture, DCs suspensions were lysed and 100  µL 
of pellets plated onto BHI-agar medium containing 5% “fungus 
growth factor” and 4% horse serum (32). The plates were incu-
bated at 35°C and colonies counted daily until no increase in 
CFU was observed. The numbers (log10) of viable P. brasiliensis 
colonies are expressed as the mean ± SE. Two to three experi-
ments were performed separately.

nO and cytokines Measurement
Supernatants from DC cultures and lymphoproliferation assays 
were separated and stored at −70°C. The levels of IL-12, IL-1β, 
TGF-β, IL-6, IFN-γ, and IL-12 were measured by a capture 
enzyme-linked immunosorbent assay (ELISA) with antibody 
pairs purchased from eBioscience. The ELISA procedure was per-
formed according to the manufacturer’s protocol, and absorbance 
was measured with a Versa Max Microplate Reader (Molecular 
Devices). The concentrations of cytokines were determined 
based on a standard curve of serial twofold dilutions of murine 
recombinant cytokines. Nitric oxide production was quantified 
by the accumulation of nitrite in the supernatants from in vitro 
protocols by a standard Griess reaction (33). All determinations 
were performed in duplicate, and results were expressed as micro-
molar concentration of NO.

Determination of iDO enzymatic activity
To monitor IDO enzymatic activity, Kyn were measured using a 
modified spectrophotometric assay (5). The amount of 50 µL of 
30% trichloroacetic acid was added to 100 µL of DCs supernatants, 
vortexed, and centrifuged at 800 g for 5 min. A volume of 75 µL 
of the supernatant was then added to an equal volume of Ehrlich 
reagent (100  mg P-dimethylbenzaldehyde, 5  mL glacial acetic 
acid) in a 96-well microtiter plate. Optical density was measured 
at 492 nm, using a Multiskan MS (Labsystems) microplate reader. 
A standard curve of defined l-Kyn concentrations (0–100 mM) 
was used to determine unknown Kyn concentrations.

Flow cytometry
Pulmonary CD11c+ cells were obtained from 1MT treated and 
untreated B10.A and A/J mice 96 h and 2 weeks after P. brasiliensis 
infection. For cell surface staining, pulmonary CD11c+ cells were 
washed and resuspended at a concentration of 1 × 106 cells/mL  

in staining buffer (PBS 1×, 2% FBS, 0.5% NaN3). Fc recep-
tors were blocked by the addition of unlabeled anti-CD16/32  
(Fc block; BD Biosciences). The DCs cells were then stained for 
30 min at 4°C with the optimal dilution of each labeled antibody 
[phycoerythrin tandem Cy7 (PE-Cy7)-labeled anti-CD11c, 
phycoerythrin tandem Cy5 (PE-Cy5)-labeled anti-B220, pacific 
blue (PB)-labeled anti-CD8, phycoerythrin (PE)-labeled anti-
CD86, allophycocyanin (APC)-labeled anti-CD40, fluorescein 
isothiocyanate (FITC)-labeled MHCII (IAK), and allophycocya-
nin tandem Cy7 (APC-Cy7)-labeled anti-CD11b] monoclonal 
antibodies (mAbs) from BD Biociences. Cells were washed twice 
with staining buffer, fixed with 2% paraformaldehyde (Sigma), 
and acquired using a FACSCanto II equipment and FACSDiva® 
software (BD Biosciences) and analyzed by the FlowJo software 
(Tree-Star, Ashland, OR, USA).

lymphocyte Proliferation assay and 
lymphocyte Phenotyping
Spleen lymphocytes from normal B10.A and A/J mice were 
resuspended (1  ×  107) in 1  mL PBS-BSA (0.1%) and 1  µL of 
carboxyfluorescein diacetate, succinimidly ester (CFSE) at a 
concentration of 5 mM (Molecular Probes, USA). The cells were 
incubated at room temperature in the dark for 15 min (shaking 
the tube constantly). The cells were washed two times with 10 mL 
of supplemented RPMI, counted and resuspended at a concentra-
tion of 1 × 106/mL. In parallel, purified DCs from A/J and B10.A 
of uninfected and infected mice, treated and untreated with 1MT 
were centrifuged and adjusted to 1  ×  106/mL in supplemented 
medium. Aliquots of 100 µL of DCs were placed in a 96-well plate 
(U-bottom) in the presence of lymphocytes previously stained 
with CFSE at a ratio 1:10 (100 µL of DCs + 100 µL of lympho-
cytes). CFSE stained lymphocytes (treated or not with 1MT), 
purified DCs and Concanavalin A (Sigma) stimulated lympho-
cytes were used as controls. The cells were incubated at 37°C in 
5% CO2 for 3  days. After the incubation period the cells were 
washed and resuspended at a concentration of 1 × 106 cells/mL  
in staining buffer (PBS 1×, 2% FBS, 0.5% NaN3). Fc receptors 
were blocked by the addition of unlabeled anti-CD16/32 (Fc 
block; BD Biosciences). The leukocytes were then stained for 
30 min at 4°C with the optimal dilution of each antibody labeled 
with the adequate fluorochrome (BD Biosciences). PE-labeled 
anti-CD44, PE-Cy7-labeled anti-CD8, and PerCP Cy5.5-labeled 
anti-CD4, and APC-Cy7-labeled anti-CD62L mAbs from BD 
Biosciences were used. Cells were washed twice with staining 
buffer, resuspended in 100 µL, and an equal volume of 2% para-
formaldehyde was added to fix the cells. A minimum of 50,000 
events was acquired on a FACSCanto II flow cytometer using 
FACSDiva® and FlowJo softwares. Lymphocytes were identified 
on forward-scatter (FSC) and side-scatter (SSC) analysis. Gated 
cells were measured for CD4+ and CD8+ expression followed by 
CD44 expression, and cells expressing high and low levels of this 
molecule were gated. Gated CD44high cells were then measured 
for expression of low levels of CD62L identifying the effector/
memory CD4+CD44highCD62Llow and CD8+CD44highCD62Llow 
subpopulations. Gated CD44low cells were then measured for 
the expression of high levels of CD62L identifying the naive 
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CD4+CD44lowCD62Lhigh and CD8+CD44lowCD62Lhigh subpopula-
tions (Figure S2A,B in Supplementary Material). Fifty thousand cells 
were acquired and the data expressed as the frequency of positive 
cells. The cell division index was calculated and was based on 
the number of CFSE+CD4+ or CFSE+CD8+ T cells found in the 
stimulated culture/number of CFSE+CD4+ or CFSE+CD8+ T cells 
in the unstimulated culture (34).

assay to Determine regulatory 
cD4+cD25+FoxP3+ T cells
Culture supernatants from lymphoproliferation assays were 
removed and stored at 70°C for the determination of cytokines 
according to the manufacturer’s protocol. The pellet cells were 
stained with PE-Cy7-labeled anti-CD4 and PerCP Cy5.5-labeled 
anti-CD25 for 30 min 4°C. Next, the cells were washed with stain-
ing buffer containing 2% fetal bovine serum, 0.1% azide, 100 µL 
of PBS. The permeabilization of the plasma membrane was made 
with the addition of 200 µL/well of Cytofix/Cytoperm (Fixation/
permeabilization kit BD Biosciences®) at room temperature for 
30 min, protected from light. After washing the cells, the nuclear 
membrane permeabilization was performed using 130 µL/well of 
solution containing 750 µL of 1× PBS, 250 µL of 4% paraformal-
dehyde, 5 µL Tween 20 Sigma® and the cells then were incubated 
for 30 min at room temperature in the dark.

After washing the cells with cold PBS (1×), the nuclear tran-
scription factor FoxP3 was stained with an anti-FoxP3 labeled 
specific antibody (APC-labeled anti-FoxP3) diluted 1/100 in 
staining buffer. The cells were incubated for 30 min at 4°C, then 
washed with ice-cold PBS, fixed with 2% paraformaldehyde 
and stored at 4°C in the dark until analyzed by flow cytometry. 
Gates for total lymphocytes, CD4+, CD4+CD25+, and finally for 
TCD4+CD25+FoxP3+ T lymphocytes were made (Figure S2C in 
Supplementary Material). Cells were analyzed as above described.

intracellular cytokines Measurement
Dendritic cells obtained from the lungs were adjusted to 1 × 106 
cells and stimulated for 6  h in complete medium in the pres-
ence of 100 ng/mL phorbol 12-myristate 13-acetate, 500 ng/mL 
ionomycin (both from Sigma-Aldrich; Germany), and monensin 
(3 mM, eBioscience). Cells were subsequently labeled for surface 
molecules (PerCP-labeled anti-CD11c) and then treated accord-
ing to the manufacturer’s protocol for intracellular staining 
using the Cytofix/Cytoperm kit (BD Biosciences). Cells were 
then stained with Alexa Fluor 488-labeled anti-IDO, PB-labeled 
anti-IL-10, PE-Cy7-labeled anti-TNF-α, APC-CY7-labeled anti-
IL-12, and PE-labeled anti-TGF-β. Cells were washed twice with 
staining buffer, resuspended in 100 µL, and fixed with an equal 
volume of 2% paraformaldehyde. The flow cytometry data were 
acquired and analyzed as above described.

Quantitative analysis of mrna expression
RNA was extracted from DC cultures and the RNA concentra-
tions were determined by spectrophotometer readings at an 
absorbance of 260 nm. First-strand cDNAs were synthesized from 
2 µg RNA using the High Capacity RNA-to-cDNA kit (Applied 
Biosystems) according to the manufacturer’s instructions. Gene 

expression for the genes of IDO, IFN-γ, janus kinase 1 (JAK1), 
signal transducer and activator of transcription (STAT1), IL-6, 
suppressor of cytokine signaling 3 (SOCS3), nitric oxide syn-
thase (NOS2), TGF-β, small mothers against decapentaplegic 
2 and 3 (SMAD2 and SMAD3), inositol polyphosphate phos-
phatase (SHIP), Shp1, Sh22 (tyrosine phosphatases 1 and 2),  
IFN-α, IFN-β, and the endogenous gene glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH) was characterized by the 
real time polymerase chain reaction technique (qPCR) (Applied 
Biosystems, Foster City, CA, USA). The samples were placed in 
microcentrifuge tubes for specific qPCR testing of samples con-
taining 2 µL cDNA + 10 µL TaqMan PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA) according to the following 
thermal profile: denaturation at 95°C for 15 s, annealing at 60°C 
for 15  s, and extension at 72°C for 15  s. The sequences of the  
primers for Indo (Mm00492506_m1), IFN-γ (Mm01168134_m1),  
Jak1 (Mm00600614_m1), Stat1 (Mm00439531_m1), IL-6 
(Mm00446190_m1), SOCS3 (Mm00545913_s1), NOS2 
(Mm00440502_m1), TGF-β1 (Mm01178820_m1), Smad2 
(Mm00487530_m1), Smad3 (Mm01170760_m1), Inpp5d 
(Ship—Mm00494987_m1), Nr0b2 (Shp1—Mm00442278_m1), 
PTPN11 (Shp2—Mm00448434_m1), Ifna1 (Mm03030145_gH), 
Ifnb1 (Mm00439552_s1), and the gene endogenous transcripts 
in all cell types, GAPDH (Mm99999915_g1) were obtained from 
Applied Biosystems ready for testing. Probes were labeled with 
6-carboxyfluorescein (FAM) at their 5′-terminal end. Data were 
normalized to GAPDH gene expression. TaqMan PCR assays 
were performed on a Stratagene MxP3005P QPCR System and 
data were developed using the MxPro QPCR software (Agilent 
Technologies, USA).

nF-κB Dna-Binding elisa-Based assay
Nuclear extracts from DCs were obtained using the Nuclear 
Extract Kit (Active Motif, USA). DNA binding activity of NF-κB 
was measured by an ELISA-based assay using a TransAM NF-κB 
kit (Active Motif, USA) following manufacturer’s instructions. 
This assay detects binding of p65, p50, p52, and Rel-B proteins 
to oligonucleotides containing an NF-κB consensus-binding site 
immobilized onto 96-well plates by specific primary antibodies 
that recognize an epitope that is accessible only when NF-κB is 
activated and bound to its target DNA. The binding activity was 
quantified by spectrophotometry, the OD at 450 nm.

Western Blot analysis
Dendritic cells were lysed in ice-cold NP40 buffer [1% NP40, 
50  mmol/L Tris–HCl (pH 7.4), 150  mmol/L NaCl, 5  mmol/L 
EDTA containing 5 mmol/L NaF, 2 mmol/L Na3VO4, 1 mmol/L 
phenylmethylsulfonyl fluoride, 5 µg/mL leupeptine, and 5 µg/mL  
aprotinine], supplemented with a protease inhibitor (Sigma 
Aldrich). After incubating for 30 min at 4°C, the samples were 
centrifuged, and the supernatants were kept as the NP40-soluble 
fraction. The pellets were resuspended in SDS buffer [2% SDS, 
80 mmol/L Tris (pH 6.8), 100 mmol/L DTT, and 10% glycerol]. 
Protein concentration was determined using a BCA assay 
(Pierce), and 40–60 µg of protein was run on a polyacrylamide 
gel and transferred to a 0.45  µm nitrocellulose membrane 
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FigUre 1 | 1-Methyl-dl-tryptophan (1MT) treatment reduces fungicidal 
activity, NO, kynurenine (Kyn), and indoleamine-2,3 dioxygenase (IDO) 
production by pulmonary dendritic cells (DCs) of Paracoccidiodes 
Brasiliensis-infected mice. Pulmonary DCs were obtained from 1MT treated 
or untreated A/J and B10.A mice at 96 h (a,c,e) and 2 weeks (B,D,F) after 
infection with 1 × 106 yeasts and cultivated for 24 h at 37°C in 5% CO2. The 
cells were centrifuged, resuspended in 100 µL of culture medium and 
assayed for the presence of viable yeasts by a CFU assay. Supernatants from 
DCs cultures were used to determine the levels of nitrite and Kyn. In the 
same experimental conditions, DCs of A/J and B10.A mice were mixed with 
TRizol reagent for RNA extraction. IDO mRNA was measured using TaqMan 
real-time PCR assay. IDO was also characterized by immunoblotting. DCs 
were lysed, supernatants supplemented with a protease inhibitor and protein 
concentration determined by a BCA assay. After electrophoresis in 
polyacrylamide gel, proteins were transferred to nitrocellulose membranes 
and stained with anti-IDO antisera. Densitometry of bands was performed 
using ImageQuant TL 8.1 software. NO production was measured by Griess 
reagent, and Kyn were evaluated using Ehrlich’s reagent. The data represent 
the mean ± SEM of three independent experiments where the asterisk (*) 
represents a statistically significant difference between treatments (*p < 0.05, 
**p < 0.01, and ***p < 0.001) and the hashtag (#) represents the difference 
between the strains (#p < 0.05, ##p < 0.01, and ###p < 0.001).
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(Millipore, Bedford, MA, USA). Western blotting was carried 
out according to a standard procedure using horseradish per-
oxidase–conjugated secondary antibodies (Thermo Scientific 
and Sigma Aldrich). mAbs used were as follows: Jak1 (1:500; 
Sigma-Aldrich), Stat1 (1:500; Sigma-Aldrich), IKK-β (1:1,500; 
Sigma-Aldrich), IDO1 (1:200; Santa Cruz Biotechnology), 
Smad2 (1:2,500; Sigma-Aldrich), Ship (1:2,000; Sigma-Aldrich), 
Shp-2 (1:1,500; Sigma-Aldrich), and IKK-α (1:500; Sigma-
Aldrich). Mouse monoclonal antimouse β-tubulin antibody 
(1:2,000; Sigma-Aldrich) was used as an internal control. The 
immunoreactive proteins were visualized with ECL plus reagents 
(ECL Western blotting Detection Reagents; Amersham) and 
enhanced chemiluminescence apparatus (ImageQuant LAS 
4000). Densitometry was performed using ImageQuant TL 8.1 
software.

Detection of Phosphorylated iDO1  
(piDO1) by Western Blotting
Lung extracts from susceptible and resistant mice infected with  
P. brasiliensis, treated or not with 1MT were obtained after 96 h and 
2 weeks of infection and analyzed by Western Blot for detection of 
pIDO1. Protein concentration was determined using a BCA assay 
(Pierce), and 20 µg of protein in Ripa Buffer and Sample buffer 
4× were heated at 100°C for 4 min, then on ice for 2 min and 
loaded 60 μL per well in 10% SDS PAGE, 1.5 mm. Electrophoresis 
was then performed by transferring the gel to the nitrocellulose 
membrane with the membranes incubated in blocking solution 
[5% non-fat dry milk, 0.1% Tween 20 in Tris buffer saline (TBS) 
for 1  h at room temperature on an orbital shaker]. After two 
washings steps with TBS-Tween 20 0.1% buffer, the membrane 
was incubated overnight with polyclonal rabbit antimouse pIDO 
(CV223 AP8), 2 μg/mL in 5% non-fat dry milk, TBS at 0.1%. The 
membrane was washed three times for 5 min and incubated with 
HRP-labeled secondary antibody (anti-rabbit HRP–Pierce) for 
1 h at room temperature. The revelation was performed using the 
ECL chemiluminescent substrate for enzymatic activity detection 
of peroxidase (HRP) on photographic film. The same method was 
used with a monoclonal rabbit anti-mouse IDO1 (CV152) and 
monoclonal antimouse β-tubulin antibody (1:1,000).

statistical analysis
Data are expressed as the mean  ±  SEM. Differences between 
groups were analyzed by analysis of variance followed by 
the Bonferroni test. Differences between survival times were 
determined with the LogRank test. Data were analyzed using 
GraphPad Prism 6.2 software for Windows (GraphPad). A  
p value of ≤0.05 was considered statistically significant.

resUlTs

iDO inhibition increases the Fungal loads 
of Dcs from susceptible and resistant 
Mice and Down regulates nO, Kyn,  
and iDO mrna Production
Initially, we sought to investigate the effects of IDO inhibition on 
the interaction of DCs, from susceptible and resistant mice, with 

P. brasiliensis. To explore the effect of IDO inhibition in vivo, A/J 
and B10.A mice were treated or not with 1MT and subsequently 
subjected to i.t. infection with P. brasiliensis yeasts cells. Pulmonary 
DCs from both mouse strains were isolated 96 h and 2 weeks after 
infection and in vitro cultivated for 24 h. Using a CFU assay it was 
verified that in both postinfection periods 1MT-treated DCs pre-
sented increased fungal loads than untreated cells (Figures 1A,B). 
The levels of NO and Kyn in the supernatants of 1MT-treated 
DCs from both mouse strains was significantly lower than those 
detected in untreated groups (Figures 1A,B). In agreement with 
the reduced levels of Kyn observed, a reduced expression of IDO 
mRNA was found in 1MT-treated groups of both mouse strains 
(Figures 1A,B). The reduced IDO mRNA expression was further 
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FigUre 2 | 1-Methyl-dl-tryptophan (1MT) treatment increases the influx of 
activated dendritic cells (DCs) to the lungs. Number of myeloid 
(CD11chigh11b+), plasmacytoid (CD11clowB220+), and lymphoid 
(CD11chighCD8+) DCs obtained 96 h (a) and 2 weeks (B) after infection of 
1MT-treated and -untreated A/J and B10.A mice with 1 × 106 viable 
Paracoccidiodes brasiliensis yeasts. Median fluorescence intensity (MFI) of 
IAK, CD86, CD11b, and CD40 expressed by DCs obtained from lungs of A/J 
and B10.A mice 96 h (c) and 2 weeks (D) after infection. DCs were obtained 
by fractionation with anti-CD11c magnetic beads and DCs phenotyping 
determined by flow cytometry. The data represent the mean ± SEM of three 
independent experiments where the asterisk (*) represents a statistically 
significant difference between treatments (*p < 0.05, **p < 0.01, and 
***p < 0.001) and the hashtag (#) represents the difference between the 
strains (#p < 0.05, ##p < 0.01, and ###p < 0.001).
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confirmed by the decreased protein production as detected by 
Western Blotting (Figures 1C–F).

iDO inhibition Promotes increased influx 
and activation of Pulmonary Dcs
We have then asked whether the in vivo treatment with 1MT could 
interfere with the number and activation of pulmonary DCs. We 
verified that 96 h and 2 weeks after infection, 1MT-treated A/J 
and B10.A mice presented a higher number of myeloid, lymphoid 
and plasmacytoid DCs (CD11chighCD11b+, CD11chighCD8+, and 
CD11clowB220+, respectively) in their lungs than control mice 
(Figures 2A,B; Figure S1 in Supplementary Material). In addi-
tion, 1MT treatment increased the expression of MHC class II 
(IAK) and costimulatory molecules (CD86, CD40, CD11b) in 
pulmonary DCs obtained at both periods and mouse strains 
studied (Figures 2C,D). Thus, the increased fungal loads induced 
by 1MT treatment were associated with increased migration and 
activation of pulmonary DCs.

iDO inhibition reduces the secretion  
of Dcs cytokines
To better evaluate the function of pulmonary DCs from 
1MT-treated and untreated A/J and B10.A mice, the levels 
of cytokines present in the supernatants of cultivated cells 
were measured by ELISA. First, we could confirm our previ-
ous findings (28, 30) demonstrating that DCs from A/J mice 
produce higher levels of TGF-β and IL-1β than DCs from 
B10.A mice that, in contrast, are better producer of IL-12 and 
IL-6. We have found that 1MT treatment reduced the levels of 
TGF-β and IL-1β produced by A/J DCs at both postinfection 
periods. In contrast, reduced levels of IL-12, IL-6, and IL-1β 
were observed in 1MT-treated B10.A mice at both time points 
(Figures 3A,B).

iDO inhibition reduces the levels of 
intracellular iDO and TgF-β in a/J Dcs, 
whereas in B10.a Dcs Diminishes the 
levels of iDO, il-12, and il-6
We have also characterized the effect of IDO inhibition on 
intracellular cytokine (TGF-β, IL-12, and IL-6) content and IDO. 
Purified DCs from 1MT-treated and -untreated A/J and B10.A 
mice obtained at two postinfection periods were cultivated and 
intracellular proteins analyzed by flow cytometry. Compared 
with untreated controls, decreased numbers of TGF-β+ DCs 
were observed in the lungs of 1MT treated A/J mice. In contrast, 
reduced numbers of IL-12+ and IL-6+ DCs were detected in 
1MT treated B10A mice (Figures  4A,B). In addition, reduced 
numbers of IDO positive DCs were observed in 1MT-treated 
DCs from both mouse strains and postinfection periods analyzed 
(Figures 4A,B).

iDO inhibition enhances the immunogenic 
activity of Dcs
Dendritic cells were isolated from 1MT-treated and untreated A/J 
and B10.A mice 96 h and 2 weeks after P. brasiliensis infection. 

In parallel, splenic lymphocytes from uninfected A/J and B10. 
A mice were obtained, labeled with CFSE, and cocultured with 
purified DCs. After 3 days, the proliferation of lymphocytes was 
analyzed by flow cytometry and the levels of IFN-γ and IL-2 were 
measured in culture supernatants.
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FigUre 4 | 1-Methyl-dl-tryptophan (1MT) treatment reduces the number of 
TGF-β+ dendritic cells (DCs) in the lungs of A/J mice but reduces IL-12+ and 
IL-6+ DCs in B10.A mice. Number of pulmonary DCs expressing intracellular 
indoleamine-2,3 dioxygenase (IDO), TGF-β, IL-12, and IL-6, 96 h (a) and 
2 weeks (B) after Paracoccidiodes brasiliensis infection. Lungs of 1MT 
treated and untreated A/J and B10.A-infected mice were excised and DCs 
cells purified by magnetic beads. The expression of intracellular cytokines 
was analyzed by flow cytometry. The data represent the mean ± SEM of 
three independent determinations where the asterisk (*) represents a 
statistically significant difference between treatments (*p < 0.05, **p < 0.01, 
and ***p < 0.001) and the hashtag (#) represents the difference between the 
strains (##p < 0.01 and ###p < 0.001).

FigUre 3 | 1-Methyl-dl-tryptophan (1MT) reduces the levels of TGF-β and 
IL-1β secreted by A/J dendritic cells (DCs), whereas in B10.A DCs 1MT 
reduces the secretion of IL-12, IL-6, and IL-1β. Pulmonary DCs were purified 
from lungs of 1MT treated and untreated A/J and B10.A mice 96 h (a) and 
2 weeks (B) after i.t. infection with 1 × 106 Paracoccidiodes brasiliensis 
yeasts cells. DCs were cultivated by 24 h, supernatants collected and 
analyzed for cytokine content (TGF-β, IL-1β, IL-12, and IL-6) by enzyme-
linked immunosorbent assay (ELISA). The data represent the mean ± SEM  
of three independent determinations where the asterisk (*) represents a 
statistically significant difference between treatments (*p < 0.05, **p < 0.01, 
and ***p < 0.001) and the hashtag (#) represents the difference between the 
strains (#p < 0.05, ##p < 0.01, and ###p < 0.001).
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Accordingly, reduced frequencies of Treg (CD4+CD25+FoxP3+) 
cells were observed when DCs were obtained from 1MT-treated 
resistant and susceptible mice (Figures 6C,D).

iDO is regulated by iFn-γ in B10.a Mice 
and TgF-β in a/J Mice
Two opposite pathways were shown to regulate the production 
and activity of IDO. The IDO-IFN-γ axis is associated with the 
catalyst function of this enzyme, leads to trp starvation and 
Kyn production that in turn control pathogen growth and the 
inflammatory response. In contrast, the TGF-β-IDO axis has 
been linked with a signaling function of pIDO that promotes the 
differentiation of tolerogenic DCs and increases the expansion of 
Treg cells (12, 35, 36).

We speculated that in B10.A mice IDO is mainly catalyst and 
IFN-γ-regulated, whereas in A/J mice IDO has a predominant 
signaling function induced by TGF-β. To explore this hypothesis, 
the expression of genes and proteins related to IFN-γ and TGF-β 
signaling pathways was characterized in DCs of 1MT-treated and 
untreated B10.A and A/J mice obtained at 96 h (Figures S3 and S4 
in Supplementary Material) and 2 weeks of infection. As shown 
in Figure  7A, DCs from B10.A mice expressed higher levels of 
mRNA from genes associated with IFN-γ signaling. Therefore, 1MT 
treatment led to a marked reduction in the expression of IFN-γ, 
Jak1, Stat1, IL-6, SOCS3, and NOS2 mRNA by DCs from B10.A 
mice but had a minor effect on DCs of A/J mice (Figure 7A). 

As previously described with untreated pulmonary DCs (30), 
DCs from 1MT-treated and untreated A/J mice obtained at 
both postinfection periods induced higher lymphoproliferation 
than those of B10.A mice (Figures  5A,B). However, for both 
mouse strains at both periods assayed, the inhibition of IDO 
activity resulted in increased proliferation of lymphocytes. In 
cultures of 1MT treated or untreated naive lymphocytes no 
cell proliferation was observed. In the same way, no observe 
lymphoproliferation were detected when 1MT treated or 
untreated DCs from uninfected mice were used as APC. The 
levels of IFN-γ and IL-2 were measured in the supernatants of 
lymphoproliferation assays. Compared with untreated controls, 
decreased levels of IFN-γ were observed in 1MT-treated DCs 
from B10.A mice, whereas increased levels of IL-2 were detected 
in 1MT-treated DCs of both mouse strains and postinfection 
periods (Figures 5A,B).

iDO inhibition expands cD4+ and cD8+  
T cells and reduces Treg cells
Treatment of B10.A and A/J mice with 1MT increased the dif-
ferentiation of T cells induced by isolated DCs. Indeed, increased 
frequency of naive CD4+ and CD8+ (CD4+CD44lowCD62Lhigh 
and CD8+CD44lowCD62Lhigh, respectively) as well as memory/
effector CD4+ and CD8+ (CD4+CD44highCD62Llow and 
CD8+CD44highCD62Llow) T cells were detected when 1MT-treated 
DCs were cocultivated with naive lymphocytes (Figures 6A,B). 
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FigUre 5 | Continued

313

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 7 | Indoleamine-2,3 dioxygenase (IDO) is regulated by IFN-γ 
signaling in B10.A dendritic cells (DCs). 1-Methyl-dl-tryptophan (1MT) treated 
or untreated B10.A and A/J mice were infected i.t. with 1 × 106 yeast cells of 
P. brasiliensis, and 2 weeks after infection total lung inflammatory cells were 
obtained and DCs purified with anti-CD11c magnetic beads. (a) The relative 
expression of mRNA of IFN-γ, Janus kinase 1 (Jak1), signal transducer and 
activator of transcription (STAT1), IL-6, suppressor of cytokine signaling 3 
(SOCS3), and nitric oxide synthase (NOS2) was measured by real-time PCR. 
(B) Presence of Jak1, Stat1, IKK-β, and IDO1 proteins was assessed by 
western blot in supernatants of lysed DCs. Proteins were estimated by 
analyzing the intensity of each band normalized by β-tubulin, used as control. 
(c) Densitometry of bands was performed using ImageQuant TL 8.1 
software. The asterisks represent statistically significant differences between 
treatments (*p < 0.05, **p < 0.01, ***p < 0.001). The hash marks represent 
statistically significant differences between strains (#p < 0.05, ##p < 0.01, 
###p < 0.001).

FigUre 6 | 1-Methyl-dl-tryptophan (1MT) increases proliferation of CD4+ 
and CD8+ T cells and reduces regulatory T cells (Tregs). Spleen 
lymphocytes from uninfected A/J and B10.A mice were labeled with CFSE 
(5 mM) and cocultivated with purified dendritic cells (DCs) obtained from 
1MT treated and untreated A/J and B10.A mice infected i.t. with 1 × 106 of 
Paracoccidiodes brasiliensis yeasts. DCs were obtained at 96 h and 
2 weeks postinfection, and cocultivated with CFSE labeled lymphocytes at 
a ratio of DC:lymphocyte of 1:10. After 3 days, the cells were adjusted to 
1 × 106, labeled with specific anti-CD4, -CD8, -CD44, -CD62L, -CD25, 
and -FoxP3 antibodies. The frequency of naive (CD62LhighCD44low) and 
effector/memory (CD62LlowCD44high) CD4+ and CD8+ T cells as well as 
CD4+CD25+FoxP3 regulatory T cells (Tregs) was measured by flow 
cytometry. Values are the mean of three independent experiments. The 
asterisks represent statistically significant differences between treatments 
(*p < 0.05, **p < 0.01, and ***p < 0.05). The hashtag marks represent 
statistically significant differences between strains (#p < 0.05, ##p < 0.01, 
###p < 0.001).

FigUre 5 | Continued  
1-Methyl-dl-tryptophan (1MT) treatment increases the immunogenicity of dendritic cells (DCs). Pulmonary DCs were obtained from lungs of 1MT-treated and 
-untreated A/J and B10.A mice 96 h (a) and 2 weeks (B) after infection with 1 × 106 Paracoccidiodes brasiliensis yeasts using anti-DC11c magnetic beads. Spleen 
lymphocytes from non-infected A/J and B10.A mice were obtained, labeled with CFSE (5 mM) and cocultivated with DCs, in a ratio of DC:lymphocyte of 1:10. In 
parallel, pulmonary DCs from uninfected A/J and B10.A mice were obtained using anti-DC11c magnetic beads and cultured with 1MT treated or untreated naive 
lymphocytes from non-infected A/J and B10.A mice. After 3 days of cocultivation, the cells were adjusted to 1 × 106, labeled with specific anti-CD4 (a) and 
anti-CD8 (B) antibodies and analyzed by flow cytometry. The cell division index (CDI) was calculated as previously described by Mannering et al. (34) and was based 
on the number of CFSE+CD4+ or CFSE+CD8+ T cells found in the stimulated culture/number of CFSE+CD4+ or CFSE+CD8+ T cells in the unstimulated culture.  
The lymphocyte population was gated by FSC/SSC analysis. Fifty thousand cells were counted, and the data expressed as frequency of positive cells. Results are 
representative of three independent experiments. Cytokines were measured in culture supernatants by enzyme-linked immunosorbent assay (ELISA). The data 
represent the mean ± SEM of three independent determinations where the asterisk (*) represents a statistically significant difference between treatments (*p < 0.05 
and **p < 0.01) and the hashtag (#) represents the difference between the strains (##p < 0.01 and ###p < 0.001).
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FigUre 9 | Phosphorylated indoleamine-2,3 dioxygenase (pIDO) of A/J mice 
activate the non-canonical pathway of NF-κB, whereas in B10.A dendritic 
cells (DCs) non-phosphorylated IDO use the canonical pathway of NF-κB 
activation. (a,B) Quantitation of p65, p50, p52, and RelB by enzyme-linked 
immunosorbent assay (ELISA) in nuclear extracts of DCs. Results are 
presented as absorbance at 450 nm (A450). Values are the mean ± SE of 
three independent experiments. The asterisks represent statistically 
significant differences between treatments (*p < 0.05, **p < 0.01, 
***p < 0.001). The hash marks represent statistically significant differences 
between strains (#p < 0.05, ##p < 0.01, ###p < 0.001). (c) Expression of IDO 
and phosphorylated IDO was assessed by Western blot in lung homogenates 
of 1MT treated and untreated B10.A and A/J mice i.t. infected with 1 × 106 
Paracoccidiodes brasiliensis yeasts. pIDO was revealed by a specific 
antibody that recognizes the phosphorylated ITIM moiety of IDO (CV223 AP8) 
and the enzyme IDO by a specific monoclonal antibody (CV152). (D) In 
susceptible B10.A mice, IDO is induced by IFN-γ that activates the canonical 
pathway of NF-κB and enhanced iNOS and IDO expression resulting in 
anergy of T cell immunity. In resistant A/J mice, TGF-β signaling induces the 
non-canonical pathway of NF-κB activation and continuous synthesis of 
TGF-β that confers an stable tolerogenic behavior to DCs that control 
immunity and tissue pathology.

FigUre 8 | Indoleamine-2,3 dioxygenase (IDO) is regulated by TGF-β 
signaling in A/J dendritic cells (DCs). 1-Methyl-dl-tryptophan (1MT)-treated 
or -untreated B10.A and A/J mice were infected i.t. with 1 × 106 
Paracoccidiodes brasiliensis yeasts and 2 weeks after infection total lung 
inflammatory cells were obtained and DCs purified by anti-CD11c magnetic 
beads. (a) The relative expression of mRNA of TGF-β, Smad2, Smad 3, 
SHIP, SHP-1, SHP-2, IFN-α, and IFN-β was measured by real-time PCR.  
(B) Smad2, Ship, Shp-2, IKK-α and IDO1, and pIDO protein expression was 
assessed by western blot in supernatants of lysed DCs. (c) Proteins were 
estimated by analyzing the intensity of each band normalized by β-tubulin, 
used as control. Densitometry of bands was performed using ImageQuant 
TL 8.1 software. Values are the mean ± SEM of three independent 
experiments; the asterisks represent statistically significant differences 
between treatments (*p < 0.001, **p < 0.01, ***p < 0.05). The hash marks 
represent statistically significant differences between strains (#p < 0.05, 
##p < 0.01, ###p < 0.001).
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These findings indicate that in B10.A mice the IDO function is 
mainly catalyst and regulated by IFN-γ. Immunoblotting assays 
confirmed these results, and increased amounts of JAK1, STAT-
1, and IKK-β proteins were found in DCs extracts of B10.A DCs 
(Figures 7B,C). In contrast to B10.A mice, DCs from A/J mice 
express higher levels of mRNA from genes associated with TGF-
β signaling (Figure 8). Compared with B10.A DCs, cells from 
A/J mice expressed increased levels of TGF-β, SMAD2, SMAD3, 
SHIP1, SHP1, SHP2, IFN-α, and IFN-β mRNA. 1MT treatment 
significantly reduced these levels in A/J DCs but had no effect on 
B10.A cells (Figure 8A). Assessing protein production, increased 

amounts of SMAD2, SHIP1, SHP2, and IKK-α were observed in 
extracts of A/J DCs (Figures 8B,C).

a/J Mice piDO and Use the non-canonical 
Pathway of nF-κB activation, whereas 
B10.a Mice express non-piDO and Use 
the canonical Pathway of nF-κB 
activation
Because IFN-γ signaling is mainly associated with the canoni-
cal pathway of NF-κB activation, the transcriptional activity of 
p65 and p50 were measured by ELISA in the nuclear extracts 
of 1MT-treated and -untreated DCs. As depicted in Figure 9A, 
DCs from B10.A mice showed increased expression of nuclear 
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p65 and p50 than those of A/J mice. Furthermore, 1MT treat-
ment reduced this production by B10.A DCs (Figure 9A). An 
equivalent result was observed with DCs obtained at 96  h of 
infection (Figure S1 in Supplementary Material). The prevalent 
non-canonical activation of NF-κB by A/J DCs was confirmed 
by the increased levels of nuclear p52 and RelB produced in 
comparison with B10.A DCs (Figure  9A). Treatment with 
1MT caused a significant reduction of p52 and RelB only in A/J 
DCs. Again, an equivalent result was observed in pulmonary 
DCs obtained at 96 h of infection (Figure S2 in Supplementary 
Material). To further confirm the signaling function of IDO, lung 
extracts from 1MT treated and untreated B10.A and A/J mice 
were obtained 2 weeks after infection and the expression of pIDO 
was assessed by immunoblotting using a specific mAb (CV223 
AP8 Ab) that recognizes the phosphorylated moiety of ITIM. As 
depicted in Figure 9B, only A/J mice express pIDO and 1MT 
treatment did not affect the production of this molecule. Using 
a polyclonal antibody to IDO (CV152 Ab) two isoforms of IDO, 
and the elevated expression of the isoform 1 by B10.A DCs were 
seen. The Figure 9C summarizes the main findings obtained in 
this study. In susceptible B10.A mice IDO is induced by IFN-γ 
that activates the canonical pathway of NF-κB and enhanced 
iNOS and IDO expression resulting in anergy of T cell immunity. 
In resistant A/J mice, TGF-β signaling induces the non-canonical 
pathway of NF-κB activation and continuous synthesis of TGF-β 
that confers an stable tolerogenic behavior to DCs that control 
immunity and tissue pathology.

DiscUssiOn

The antimicrobial and immunoregulatory functions of IDO 
have been recognized as central mechanisms used by infected 
hosts to control pathogen growth and excessive inflammatory 
responses (37, 38). Both IDO activities were used by resistant 
and susceptible mice to control pulmonary PCM. However, only 
in susceptible mice IDO inhibition caused a sustained fungal 
growth, exacerbated tissue pathology and increased mortal-
ity rates. This is the worst scenario for host fitness because it 
allies uncontrolled pathogen growth with exacerbated, but 
inefficient, inflammation resulting in warful tissue destruction. 
These findings led us to further investigate the role of IDO in 
the resistance mechanisms to pulmonary PCM. We found the 
IDO inhibitor 1-MT as two stereoisomers, 1-D-MT and 1-L-
MT. Most of the studies using the IDO enzyme model employed 
the racemic mixture 1-DL-MT to inhibit the enzime, independ-
ent of the known IDO isoforms, IDO1 and IDO2, as we did 
in this work. Indeed, recent studies have shown that IDO1 is 
the preferentially inhibited by1-L-MT, while 1-D-MT inhibits 
IDO2 (39, 40). These findings directed our subsequent stud-
ies on the inhibition of IDO using deficient mice, as we have 
shown in recent work with IDO1-deficient (IDO1−/−) C57BL/6 
mice (41). Using isolated pulmonary DCs, we verified that IDO 
inhibition led to increased recovery of yeasts from both A/J and 
B10.A cells. This finding could be attributed to the increased trp 
availability (42–44), but also to the reduced NO production, 
an important fungicidal mechanism of macrophages and DCs 
(26, 27, 30).

Interestingly, IDO inhibition by 1MT reduced the typical 
cytokines that characterize the innate response of B10.A and A/J 
mice (26, 27, 30). Furthermore, the assessment of intracellular 
cytokines has further emphasized the higher expression of IDO 
and TGF-β by A/J DCs, whereas the proinflammatory cytokines 
IL-12 and IL-6 were more expressed by B10.A DCs. This led us 
to suppose that IDO activity in B10.A mice was mainly catalytic, 
whereas in A/J mice was predominantly signaling and involved 
in signal transduction (12). These investigators clearly demon-
strated that TGF-β signaling activates the tyrosine kinase Fyn 
that phosphorylates ITIM domains of IDO. This promotes the 
association of IDO with tyrosine phosphatases (SHP1 and SHP2) 
that results in the activation of the non-canonical NF-κB pathway 
(p52/RelB), which translocates to the nucleus and induces the 
production of type I IFNs (IFNα/β), TGF-β, and IDO (12).

An increased number of activated DCs with enhanced immu-
nogenic activity was detected in the lungs of 1MT treated mice. 
The increased proliferation of naive lymphocytes was concomi-
tant with increased levels of IL-2 in A/J cocultures and decreased 
IFN-γ production by B10.A cells mirroring the main suppressive 
mechanisms developed by susceptible and resistant mice (25, 26,  
30, 45). This enhanced immunogenic activity was further con-
firmed by the increased proliferation of naive and effector/
memory CD8+ and CD4+ T  cells concomitant with a reduced 
expansion of CD4+CD25+Foxp3+ Treg cells, a finding that may 
be also associated with the reduced levels of suppressive Kyn 
produced (46, 47). This tolerogenic function of Kyn on T cells has 
been linked to the activation of the AhR, a ligand activated tran-
scription factor (46, 48) that participates in the pIDO-tolerogenic 
DCs-Treg loop of immunoregulation.

Further assessing the mechanisms involved in the divergent 
activities of IDO, a preferential IFN-γ signaling pathway was 
observed in B10.A DCs which expressed increased levels of 
IFN-γ and Jak1-Stat1 mRNA. In addition, elevated expression 
of IL-6, SOCS3, and iNOS2 were also observed indicating a 
prevalent IFN-γ-mediated catalytic activity. These data were 
further confirmed by the increased synthesis of Stat1 and IKKβ 
proteins involved in IFN-γ signaling. The striking expression of 
IL-6 and SOCS3 suggests that in susceptible mice IDO degrada-
tion may occur via proteasomal activity (49). Our data have also 
confirmed the prevalent TGF-β-mediated activation of A/J DCs 
which express high levels of TGF-β, Smad2, Smad3, Ship1, Shp1, 
Shp2, IFN-α, and IFN-β mRNA. The high levels of IKK-α, Smad2, 
Ship1, and Sph-2 proteins expressed by these cells have further 
confirmed the use of the TGF-β signaling by DCs from resistant 
mice. These data agree with the signaling cascade that promotes 
a tolerogenic activity in plasmacytoid DCs previously described 
(12) and explain the continuous production of TGF-β by A/J 
mice that favors the conversion of naive CD4+ T cells into Treg 
cells (25). Interestingly, the inhibition of IDO by 1MT showed 
little interference with the TGF-β-mediated pathway used by A/J 
DCs, demonstrating that the signaling function of the IDO has 
predominance over the catalytic activity.

The predominant expression of p65 and p50 by B10.A DCs and 
the higher levels of p52 and RelB by A/J DCs showed that B10.A 
and A/J mice predominantly use, respectively, the canonical and 
non-canonical pathways of NF-κB activation by their pulmonary 
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DCs. More importantly, we could demonstrate the presence of 
pIDO in the lungs of A/J mice, whereas the non-phosphorylated 
forms of IDO were observed in B10.A mice. Therefore, we could 
clearly demonstrate that in B10.A mice IDO has a catalytic func-
tion, whereas in A/J mice, besides its enzymatic activity, IDO has 
a signaling function.

Similarly with other infection models, our studies in experi-
mental PCM showed that the balanced activation of the immune 
system is fundamental for the protection of hosts, and the 
excessive activation of pro- or anti-inflammatory mechanisms 
leads to severe disease (23, 29, 50, 51). In susceptible mice, the 
suppression of adaptive immunity is a consequence of excessive 
proinflammatory activity of innate immunity, which, however, 
is able to control the initial fungal burden. In resistant mice, 
in contrast, an anti-inflammatory, TGF-β dominated activity 
is observed impairing the initial control of fungal growth. This 
activity, however, is balanced by the marked dectin-1 and NLRP3 
activation and synthesis of TNF-α and IL-1β by A/J macrophages. 
This pattern of response leads to the subsequent differentiation 
of Th1/Th17 mixed responses, always strongly controlled by 
elevated numbers and activity of Treg cells that control tissue 
pathology (24–27, 29). This is an unusual but interesting model 
of resistance and susceptibility to a primary fungal pathogen not 
previously described.

Host defenses are governed by resistance and tolerance 
mechanisms, the first involved in reducing pathogen burden 
during infection and the latter associated with mechanisms that 
protected the hosts from pathogen- or immune-induced dam-
age. These mechanisms are not mutually exclusive and both can 
contribute to host fitness (52, 53). Our studies clearly demonstrate 
that the resistance mechanisms used by A/J mice are governed 
by resistance to disease and not resistance to pathogen growth. 
Although not intensely explored in infectious diseases, tolerance 
to disease is well known and described in plant pathology where 
host protection is not achieved by the elimination of the patho-
gen, but it is based on the control of host fitness. This response 
allows pathogen persistence, but its excessive growth is partially 
controlled by immune mechanisms that are tightly regulated 
to preserve homeostasis (52). This is also observed in the host 
responses to commensal fungi such as Aspergillus fumigatus and 
Candida albicans that concomitantly control fungal burden and 
tissue inflammation (50). The important influence of the IDO-
AhR-Treg-Th17 axis on the control of this well-balanced response 
to commensal microorganisms has been well described in the 
literature (44, 54, 55). The IFN-γ-mediated activation of IDO 
and Kyn synthesis by tissue DCs confers a tolerogenic profile to 
these cells that promote the differentiation of naive T cells into 
Foxp3+ Treg cells via activation of AhR that prevents the excessive 
expansion of Th17 lymphocytes (44, 56). This tightly regulated 
immunity confers immune homeostasis that results in microbial 
resistance but avoids tissue pathology. The signaling property of 
pIDO induced by TGF-β activation of DCs was more recently 
described and has been viewed as potent immunoregulatory 
mechanism that confer stable tolerogenic activity to plasmacytoid 
DCs (12, 36). This tolerogenic mechanism was validated in an 
in  vivo model of delayed-type hypersensitivity response and in 
the protective activity of endotoxin-tolerant state of mice against 

Gram-positive and Gram-negative infections (12, 54). However, 
to our knowledge, this mechanism of disease tolerance was never 
described in the host responses to primary fungal pathogens. 
Indeed, pIDO-mediated tolerance was poorly explored in infec-
tious pathologies. Therefore, we believe that the findings here 
described open new perspectives to understand resistance against 
PCM and other primary fungal pathogens where excessive inflam-
mation has been associated with severe disease (57, 58). Previous 
results obtained in our experimental model, not well understood 
when originally obtained, can now be re-evaluated in face of the 
IDO mediated mechanism here described. The subcutaneous 
immunization with viable yeasts confers sterile immunity to i.p. 
challenged B10.A mice but partial immunoprotection in A/J mice 
that remain with persistent fungal loads (59, 60). We have also pre-
viously described that P. brasiliensis infection induces an elevated 
production of TGF-β and M2 differentiation of A/J macrophages 
which express high levels of arginase (27), another finding which 
is not in line with the mechanisms of pathogen resistance usually 
described. However, this finding may now be better appreciated 
and understood because arginase expression by innate immune 
cells was reported to be essential for the differentiation of tolero-
genic DCs, whose signaling activity is mediated by pIDO (61).

In conclusion, the studies here reported clearly demonstrate 
that susceptibility to PCM is mainly mediated by the proinflam-
matory IFN-γ-IDO axis of innate responses, whereas resistance 
relies on the initial anti-inflammatory TGF-β-pIDO-Treg axis 
that confers a sustained tolerogenic phenotype in pulmonary DCs 
allowing A/J mice to interact with a primary fungal pathogen as a 
commensal microbe. Therefore, the signaling function of pIDO 
leads to an efficient fungus–-host interaction that conditions 
advantages to both partners, and may be explored in further 
innovative anti-fungal therapy.
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The iDO–ahr axis controls Th17/
Treg immunity in a Pulmonary  
Model of Fungal infection
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Nycolas Willian Preite, Vera Lúcia Garcia Calich† and Flávio Vieira Loures*†

Departamento de Imunologia, Instituto de Ciências Biomédicas, Universidade de São Paulo, São Paulo, Brazil

In infectious diseases, the enzyme indoleamine 2,3 dioxygenase-1 (IDO1) that catalyzes 
the tryptophan (Trp) degradation along the kynurenines (Kyn) pathway has two main func-
tions, the control of pathogen growth by reducing available Trp and immune regulation 
mediated by the Kyn-mediated expansion of regulatory T (Treg) cells via aryl hydrocarbon 
receptor (AhR). In pulmonary paracoccidioidomycosis (PCM) caused by the dimorphic 
fungus Paracoccidioides brasiliensis, IDO1 was shown to control the disease severity of 
both resistant and susceptible mice to the infection; however, only in resistant mice, IDO1 
is induced by TGF-β signaling that confers a stable tolerogenic phenotype to dendritic 
cells (DCs). In addition, in pulmonary PCM, the tolerogenic function of plasmacytoid 
dendritic cells was linked to the IDO1 activity. To further evaluate the function of IDO1 in 
pulmonary PCM, IDO1-deficient (IDO1−/−) C57BL/6 mice were intratracheally infected with 
P. brasiliensis yeasts and the infection analyzed at three postinfection periods regarding 
several parameters of disease severity and immune response. The fungal loads and tissue 
pathology of IDO1−/− mice were higher than their wild-type controls resulting in increased 
mortality rates. The evaluation of innate lymphoid cells showed an upregulated differenti-
ation of the innate lymphoid cell 3 phenotype accompanied by a decreased expansion of 
ILC1 and NK cells in the lungs of infected IDO1−/− mice. DCs from these mice expressed 
elevated levels of costimulatory molecules and cytokine IL-6 associated with reduced 
production of IL-12, TNF-α, IL-1β, TGF-β, and IL-10. This response was concomitant 
with a marked reduction in AhR production. The absence of IDO1 expression caused 
an increased influx of activated Th17 cells to the lungs with a simultaneous reduction in 
Th1 and Treg cells. Accordingly, the suppressive cytokines IL-10, TGF-β, IL-27, and IL-35 
appeared in reduced levels in the lungs of IDO1−/− mice. In conclusion, the immunological 
balance mediated by the axis IDO/AhR is fundamental to determine the balance between 
Th17/Treg cells and control the severity of pulmonary PCM.

Keywords: paracoccidioidomycosis, indolemine 2,3 dioxygenase, aryl hydrocarbon receptor, Th17 cells, regulatory 
T cells, innate lymphoid cells

inTrODUcTiOn

Indoleamine 2,3 dioxygenase-1 (IDO1) is an enzyme that catalyzes the degradation of tryptophan 
(Trp) along the kynurenines (Kyn) pathway. This enzyme plays a critical role to host defenses 
against a wide range of pathogens by inducing Trp starvation and controlling inflammatory 
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and immunological reactions. Several types of cells, such as 
macrophages, epithelial, and dendritic cells (DCs), express 
IDO1 that can be induced by proinflammatory cytokines (e.g., 
IFN-γ), toll-like receptor ligands (e.g., lipopolysaccharide), and 
interactions between immune cells through the engagement of 
costimulatory molecules (CD80, CD86) on antigen-presenting 
cells by cytotoxic T-lymphocyte antigen-4 on T cells (1–3). It 
is known that IDO1 can affect immunity through two non-
exclusive mechanisms: (a) establishment of a local response 
with “amino acid deprivation” that inhibits cell and pathogen 
proliferation (2); (b) cascade generation of Trp metabolites with 
specific immunomodulatory or cytotoxic functions that inhibit 
T cell activation and modulate the differentiation of naïve T cells 
into regulatory T (Treg) cells (1, 4, 5). Furthermore, Kyn has 
immunomodulatory effects in the absence of Trp starvation, via 
activation of the transcription factor aryl hydrocarbon receptor 
(AhR) (6, 7).

Indeed, in fungal infections, IDO1 modulates the mechanisms 
of host resistance and disease tolerance by inducing Treg cells 
and inhibiting Th17 differentiation (1, 8–10). Importantly, Treg 
and Th17  cells share similar developmental pathways (11) and 
may arise from a common progenitor depending on the balance 
of inflammatory and anti-inflammatory cytokines (12), presence 
of retinoic acid (13), and the activation of the AhR, a ligand-
activated transcription factor (14, 15).

Paracoccidioidomycosis (PCM), a systemic granulomatous 
disease caused either by the dimorphic fungi Paracoccidioides 
brasiliensis or P. lutzii, is considered the most prevalent deep 
mycosis in Latin America (16). The inhalation of conidia usually 
leads to an asymptomatic infection but a few infected individuals 
evolve to overt disease. The diverse patterns of T cell responses 
of P. brasiliensis-infected individuals are associated with differ-
ent clinical manifestations. The resistance to infection observed 
in asymptomatic individuals is mediated by a predominant Th1 
response, which is responsible for macrophage activation and 
fungal killing. The most severe form of the disease, the juvenile 
form, presents a prevalent Th2/Th9 response and enhanced 
antibody production. In the chronic inflammatory response 
characteristic of the adult form of the disease, a prominent 
Th17 immunity with important participation of Th1 cells was 
described (17, 18). The polar patterns of the disease could 
be reproduced in a murine model of pulmonary PCM (19). 
Resistant mice (A/Sn) develop a chronic regressive disease 
allied with prevalent Th1/Th17 immunity concomitant with 
protective CD8+ T cells that synthesize large amounts of IFN-γ. 
The relative protection of susceptible mice (B10.A) is mediated 
by CD8+ T cells that, however, are not able to compensate the 
CD4+ T  cell anergy induced by excessive proinflammatory 
innate response (20–23).

Recent studies of our group have demonstrated that in pul-
monary PCM, IDO1 is an important immunoregulatory enzyme 
that promotes fungal clearance and inhibits T  cell immunity 
and inflammation, with prominent importance to susceptible 
hosts. Actually, only in the susceptible mouse strain IDO1 
inhibition by 1-methyl-dl-tryptophan (1MT) caused progressive 
tissue pathology and increased mortality rates. In addition, as 
previously reported in candidiasis and aspergillosis (24, 25), an 

IDO1-mediated immunomodulatory function of plasmacytoid 
dendritic cells (pDCs) has been described in pulmonary PCM. 
The in vivo depletion of IDO1 expressing pDCs resulted in less 
severe disease and increased T cell immunity (26), demonstrating 
that in pulmonary PCM pDCs have a tolerogenic function as pre-
viously described by Pallotta et al. (27). These findings led us to 
further elucidate the role of IDO1 in pulmonary PCM by compar-
ing the disease developed by IDO1-deficient (IDO1−/−) C57BL/6 
mice with their normal wild-type (WT) controls. IDO1−/− mice 
developed a more severe infection with elevated fungal burdens, 
accompanied by increased inflammatory reactions mediated by 
prevalent Th17 responses insufficiently controlled by Treg cells. 
The absence of IDO1 expression has also influenced the expres-
sion of AhR and the differentiation of pulmonary innate lym-
phoid cells (ILCs) by increasing the presence of innate lymphoid 
cell 3 (ILC3) and reducing NK cells. Both the uncontrolled fungal 
growth and the exuberant inflammatory reactions appear to have 
contributed to the exacerbated tissue pathology that resulted in 
increased mortality rates of IDO1−/− mice.

MaTerials anD MeThODs

ethics statement
The experiments were performed in strict accordance with the 
Brazilian Federal Law 11,794 establishing procedures for the 
scientific use of animals, and the State Law establishing the 
Animal Protection Code of the State of São Paulo. All efforts 
were made to minimize animal suffering. The procedures were 
approved by the Ethics Committee on Animal Experiments of 
the Institute of Biomedical Sciences of University of São Paulo 
(Proc.180/11/CEEA).

Mice
Eight- to twelve-week-old male C57Bl/6 WT and C57Bl/6 
IDO1−/− mice originally obtained from Jackson Laboratories and 
bred as the specific pathogen-free mice at the Isogenic Breeding 
Unit of the Department of Immunology, Institute of Biomedical 
Sciences, University of São Paulo were used throughout this study.

Fungus and infection
The highly virulent P. brasiliensis 18 isolate (Pb18) was used 
throughout this study. Yeast cells were maintained by weekly cul-
tivation in Fava Netto culture medium at 36°C and used on days 
6–8 of culture. The viability of fungal suspensions, determined 
by Janus Green B vital dye (Merck), was always higher than 95%. 
Mice were anesthetized and submitted to intra-tracheal (i.t.) 
infection as previously described (19). Briefly, after intraperi-
toneal (i.p.) injection of ketamine and xylazine, animals were 
infected with 1 × 106 yeast cells, contained in 50 µL of PBS, by 
surgical i.t. inoculation, which allowed dispensing of the fungal 
cells directly into the lungs.

colony-Forming Unit (cFU) assays, 
Mortality rates, and histological analysis
The numbers of viable yeasts in infected organs (lung and liver) 
were determined by counting the number of CFUs as previously 
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described (28). Mortality studies were done with groups of 
10–12 mice. Deaths were registered daily. For histological 
examinations, the left lung of infected mice was removed and 
fixed in 10% formalin. Five-micrometer sections were stained by 
hematoxylin-eosin for an analysis of the lesions and were silver 
stained (Grocott stain) for fungal evaluation. Morphometrical 
analysis was performed using a Nikon DXM 1200c camera 
and Nikon NIS AR 2.30 software. The areas of lesions were 
measured (in square micrometers) in 10 microscopic fields per 
slide in 5 mice per group as previously described (29). Results 
are expressed as the mean ±  SEM of total area of lesions for 
each mouse.

assessment of leukocyte subpopulations 
and Flow cytometric analysis
The lungs from P. brasiliensis-infected WT and IDO1−/− mice 
were collected after 96  h, 2, and 10  weeks of infection and 
digested enzymatically for 45 min with collagenase (1 mg/mL; 
Sigma) in RPMI culture medium (Sigma). Total lung leukocyte 
numbers were assessed with trypan blue, and viability was 
always >95%. For cell-surface staining, lung cells were washed 
and suspended at 1 × 106 cells/mL in staining buffer (PBS, 2% 
fetal calf serum and 0.1% NaN3). Fc receptors were blocked by 
the addition of unlabeled anti-CD16/32 (eBioscience). The cells 
were then stained in the dark for 20 min at 4°C with the optimal 
dilution of each monoclonal antibody. To myeloid cells: anti-
CD11b, CD11c, CD40, CD80, CD86, and MHC-II; lymphocytes: 
CD4, CD25, CD8, CD44, and CD62L; NK: NK1.1, CD49b, 
NPK46, and Eomes; ILC1: CD127, CD49a, IL-12Rβ1, and 
Tbet; ILC2: CD127, ICOS, IL-17RB, IL-33, and GATA3; ILC3: 
CD127, IL-23R, IL-22, and RORC (eBiosciences or BioLegend). 
Cells were washed twice with staining buffer, fixed with 2% 
paraformaldehyde (PFA; Sigma). For intracellular detection of 
cytokines, leukocytes obtained from lungs were stimulated for 
6 h in complete RPMI medium containing 50 ng/mL phorbol 
12-myristate 13-acetate, 500  ng/mL ionomycin (Sigma), and 
3 mM monensin (eBioscience). Next, cells were labeled for sur-
face molecules and then treated according to the manufacturer’s 
protocol for intracellular staining using the Cytofix/Cytoperm 
kit (BD Biosciences) and specifics antibodies anti-17, IL-4, IFN-
γ, IL, 22, IL-1β, IL-12, TNF-α, IL-6, TGF-β, FoxP3, IDO1, and 
AhR. Cells were washed twice with staining buffer, suspended in 
100 µL, and an equal volume of PFA was added to fix the cells. A 
minimum of 50,000 events was acquired on FACScanto II flow 
cytometer (BD Biosciences) using the FACSDiva software (BD 
Biosciences). Lymphocytes, myeloid cells, NK  cells, and ILCs 
were gated as judged from forward and side light scatter. For 
Treg cell characterization, FACS plots or histograms were gated 
on live CD4+ CD25+ cells and the expression of FoxP3+ were 
determined. The cell-surface expression of leukocyte markers 
as well as intracellular cytokine expression was analyzed using 
the FlowJo software (Tree Star).

rna isolation and cDna synthesis
Lungs were homogenized in TRIzol reagent using tissue grind-
ers. Phase separation was realized following addition of 0.2 mL 

chloroform per mL of TRIzol and centrifugation at 12,000 × g 
for 15 min at 4°C. The upper aqueous RNA phase was removed 
to a new tube and further purified using Ultraclean Tissue and 
Cells RNA Isolation Kit (MO BIO Laboratories) according to 
the manufacturer’s protocol. RNA purity and concentration 
were assessed on a NanoDrop ND-1000 spectrophotometer. 
An amount of 1  µg total RNA was reverse transcribed in a 
20  µL reaction mixture using the High Capacity RNA-to-
cDNA kit (Applied Biosystems) following the manufacturer’s 
directions.

real-time Quantitative Polymerase chain 
reaction (rT-Pcr)
The cDNA was amplified using TaqMan Universal PCR Master Mix 
(Applied Biosystems) and pre-developed TaqMan assay primers 
and probes (Ahr, Mm00478932_m1, Ifng, Mm001168134_m1, Tnf, 
Mm99999068_m1, Il-6, Mm00446190_m1, Il-10, Mm00439614_
m1, Tgfb1, Mm00117882_m1, Il-17, Mm00439618_m1, 
Il-22, Mm01226722_m1, Tbx21, Mm00450960_m1; GATA3,  
Mm00484683_m1; Rorc, Mm01261022_m1; Foxp3, Mm 
00475162_m1; all from Applied Biosystems). PCR assays were 
performed on an MxP3000P qPCR System and data were devel-
oped using the MxPro qPCR software (Stratagene). The average 
threshold cycle (CT) values of samples were normalized to CT 
value of Gapdh gene. The relative expression was determined by 
the 2−ΔΔCT method.

cytokines and nitric Oxide (nO) 
Detection
The lungs from P. brasiliensis-infected WT and IDO1−/− mice 
were collected after 96 h, 2, and 10 weeks of infection with one 
million P. brasiliensis yeasts. The organs were aseptically removed 
and individually disrupted in 7 mL of PBS. Supernatants were 
separated from cell debris by centrifugation at 3,000  ×  g for 
10  min and stored at −80°C. The levels of IL-1β, IL-2, IL-4, 
IL-6, IL-10, IL-12, IL-17, IL-22, IL-27, IL-35, IL-23, TNF-α, 
IFN-γ, and TGF-β were measured by capture enzyme-linked 
immunosorbent assay (ELISA) with antibody pairs purchased 
from eBioscience or PBL. NO production was quantified by the 
accumulation of nitrite in the supernatants from in vitro pro-
tocols by a standard Griess reaction. All determinations were 
performed in duplicate, and results were expressed as micro 
molar concentration of NO. Plates were read using a spectro-
photometric plate reader (VersaMax, Molecular Devices).

statistical analysis
Differences between groups were analyzed by the Student’s t-test 
or analysis of variance (ANOVA) followed by the Tukey test. For 
comparisons of greater than two groups, significance was deter-
mined using the one- or two-way ANOVA with Tukey’s multiple 
correction. Differences between survival times were determined 
with the log-rank test. Calculations were performed using statis-
tical software (GraphPad Prism 7.03). Data are expressed as the 
mean  ±  SEM. p-Values of ≤0.05 were considered statistically 
significant.
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resUlTs

absence of iDO1 increases Mortality 
rates associated With increased Fungal 
loads and Tissue Damage
C57Bl/6 WT and C57Bl/6 IDO1−/− mice were infected with one 
million yeasts of P. brasiliensis by the i.t. route. After 96 h, 2, and 
10 weeks, the severity of fungal infection was assessed by a CFU 
assay. As shown in the Figure 1, pulmonary (Figure 1A) fungal 
burdens were increased in IDO1−/− mice at 96 h, 2, and 10 weeks 
after infection, whereas significant increases in the liver (Figure 1B) 
after 10 weeks of infection showed that the lung of both IDO1−/− 
mice were concomitant with increased levels of pulmonary NO 
(Figure 1C), considered a potent fungicidal mediator in pulmonary 
PCM. The histopathology analysis (Figures 1D–G) after 10 weeks 
of infection showed that  the lung of both IDO1−/− and WT control 
mice exhibited large granulomas containing many yeasts and large 
damaged areas. Comparatively, lung lesions from IDO1−/− were 
more severe than those of WT mice, involved extensive areas of 
the lung parenchyma and were composed of isolated or confluent 
granulomas containing a huge number of fungi (Figures 1F,G). To 
assess the influence of IDO1 deficiency in the disease outcome, the 
area of lung lesions and mortality of infected mice were evaluated. 
The absence of IDO1 expression led to increased lung pathology 
(Figure 1H) and mortality rates (Figure 1I). At day 127 of infec-
tion, all IDO1−/− mice were dead; whereas in the same period, 5 of 
10 WT mice were still alive and apparently healthy.

iDO-1 expression increases the expansion 
of ilc3 but reduces ilc1 and nK cells in 
the lungs of P. brasiliensis-infected Mice
Innate lymphoid cells are a new family of lymphocytes that 
lack specific antigen receptors, produce significant amounts of 
cytokines, and may be cytotoxic upon activation. The distinct ILC 
subsets exhibit transcription factors and cytokine signatures found 
in the CD4+ T helper (Th) subpopulations in their responses to 
specific antigens (30, 31). These features include the shared expres-
sion of Tbet and IFN-γ by ILC1 and Th1 cells; GATA-3, IL-5, and 
IL-13 by Th2 and ILC2 cells; RORC, IL-17, and IL-22 by ILC3 and 
Th17/Th22 cells, as well as Eomes, IFN-γ, and cytolytic molecules 
by CD8+ T cells and conventional NK cells (30). The previously 
described influence of IDO/AhR in the differentiation of T and 
ILC cells (30–33) led us to investigate the influence of IDO1 in the 
differentiation of pulmonary ILC subsets after P. brasiliensis infec-
tion of WT and IDO1−/− mice. Therefore, ILC subpopulations were 
characterized by their expression of specific surface molecules and 
transcription factors. The NK cells are classified as NK11+ CD49b+ 
NKp46+ Eomes+, the ILC1 are CD127+ CD49a+ IL-12Rβ1+ Tbet+, 
the ILC2 are CD127+ ICOS+ IL-17RB+ IL-33+ GATA3+, and the 
ILC3 are CD127+ IL-23R+ RORC+, or the so-called NCR+ ILC3+, 
producing IL-22 that are CD127+ IL-23R+ RORC+ IL-22+. After 
96 h and 2 weeks of infection, a significant decrease in NK cells 
was detected in the lung infiltrating lymphocytes of IDO1−/− mice. 
However, at all periods of infection studied, a significant increase 
in the number of ILC3 and NRC IL-22 was observed in the lungs 
of IDO1−/− mice. Differences in the influx of ILC1 and ILC2 to 

the lungs were only observed at week 10 postinfection, when ILC1 
appeared in reduced numbers whereas ILC2 appeared in increased 
numbers in the lungs of IDO1−/− mice (Figure 2).

iDO1 controls the expression of activation 
Markers and intracellular cytokines of 
Pulmonary cD11b+ and cD11c+ cells
IDO1−/− and WT C57BL/6 mice were infected with one million yeasts 
of P. brasiliensis by the i.t. route. After 96 h, 2, and 10 weeks of infec-
tion, the lung infiltrating leukocytes were obtained and analyzed for 
the expression of surface molecules by flow cytometry. We analyzed 
the expression of some activation molecules (IAb, CD40, CD80, and 
CD86) expressed by CD11b+ and CD11c+ (Figure 3). When com-
pared with the WT control group, CD11b+ (Figure 3A) and CD11c+ 
(Figure 3B) cells from IDO1−/− mice expressed increased levels of 
IAb, CD80, and CD86 at all postinfection periods studied. CD40 was 
also upregulated in CD11b+ cells of IDO1−/− mice.

To better define the activation profile of the lung infiltrating 
leukocytes of both infected mouse strains, the expression of intra-
cellular cytokines (IL-12, TNF-α, IL-1β, IL-6, TGF-β, and IL-10) 
was characterized by flow cytometry. At all periods after infec-
tion analyzed, a decreased number of CD11b+ cells expressing 
intracellular IL-12, TNF-α, IL-1β, TGF-β, and IL-10 was detected 
in the lungs of IDO1−/− mice when compared to the WT counter-
parts. By contrast, increased numbers of CD11b+ IL-6+ cells were 
found at all postinfection periods in the lungs of IDO−/− mice 
(Figure  4A). When CD11c+ cells were studied, similar results 
were obtained (Figure  4B), but the differences between IDO1 
sufficient and deficient mice was much more evident.

iDO1 controls the expression of ahr in 
cD11b+ and cD11c+ cells
The influence of IDO1 in the expression of the transcription factor 
AhR was also investigated in our experimental model. Thus, after 
96 h, 2, and 10 weeks of infection with yeasts, the lung infiltrating 
leukocytes from the IDO1−/− and WT mice were obtained, and the 
presence of intracellular IDO1 and AhR in CD11b+ and CD11c+ 
cells detected by flow cytometry. As depicted in Figure 5, only 
WT mice expressed intracellular IDO1. The AhR was detected 
in both mouse strains, but this transcription factor was markedly 
downregulated in IDO1−/− mice. These results clearly showed 
that the expression of AhR is dependent on the enzyme IDO1 
(Figure 5).

The absence of iDO1 increases the influx 
of naïve and activated TcD4+ and TcD8+ 
lymphocytes to the lungs
We have also assessed whether the absence IDO1 modulates 
the influx of T cell subpopulations to the lung of P. brasiliensis-
infected mice. As showed in the Figure 6, after 2 and 10 weeks 
of infection, a higher number of both naive (CD4+ CD44low 
CD62Lhigh) and effector/activated (CD4+ CD44high CD62Llow) 
CD4+ T  cells were found in the lungs of IDO1−/− mice when 
compared with WT counterparts. Similarly, a larger number of 
naïve and activated CD8+ T cells (CD8+ CD44low CD62Lhigh and 
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FigUre 1 | Indoleamine 2,3 dioxygenase-1 (IDO1) controls fungal loads, tissue pathology, and mortality rates. Groups of IDO1−/− and wild-type (WT) C57Bl/6 mice were 
infected i.t. with 1 × 106 of Paracoccidioides brasiliensis yeasts. The colony-forming units (CFUs) from lungs (a) and liver (B) were determined 96 h, 2, and 8 weeks after 
infection. The bars represent means ± SEs of the mean (SEM) of log10 CFU counts obtained from groups of 4 to 5 mice. (c) Supernatants of lung homogenates were 
obtained from infected mice (n = 4–5/time point) and used to determine the levels of nitrite by the Griess reagent. (D–g) Photomicrographs of lung lesions of WT control 
mice (D,e) and IDO1−/− mice (F,g) at week 10 of infection. Lesions were stained with hematoxylin-eosin (left panels) and Grocott (right panels). (h) Morphometrical 
analysis of lung lesions. The areas of lesions were measured (in square micrometers) in 10 microscopic fields per slide in five mice per group and results expressed as 
the mean ± SEM of total area of lesions for each mouse. (i) Survival curves of WT and IDO1−/− infected mice (n = 10) were determined in a period of 175 days. Data 
represent the means ± SEM and are representative of two independent experiments with equivalent results (*p < 0.05; **p < 0.01, and ***p < 0.001).
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FigUre 2 | Influence of indoleamine 2,3 dioxygenase-1 (IDO1) expression on the presence of innate lymphoid cells (ILCs) in the lungs of Paracoccidioides 
brasiliensis-infected mice. The phenotypic analysis of ILCs in the lungs of C57Bl/6 wild-type and IDO1−/− mice was performed after 96 h, 2, and 10 weeks after P. 
brasiliensis infection. The lung infiltrating leukocytes were labeled with specific antibodies and analyzed for the phenotypes of NK, ILC1, ILC2, innate lymphoid cell 3 
(ILC3), and ILC3 (NCR IL-22) subsets according to the respective markers: for NK: NK1.1, CD49b, NKp46, and Eomes; ILC1: CD127, CD49a, IL-12Rβ1, and Tbet; 
ILC2: CD127, ICOS, IL-17RB, IL-33, and GATA3; ILC3: CD127, IL-23R, IL-22, and RORC (a). The cell surface and intracellular markers were measured by flow 
cytometry. One hundred thousand cells were counted and the data expressed by number of positive cells (B). Data are expressed as means ± SEM and are 
representative of three independent experiments using five mice of each mouse strain per group (*p < 0.05; **p < 0.01, and ***p < 0.001).
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FigUre 3 | Indoleamine 2,3 dioxygenase-1 (IDO1) controls the expression of activation markers of pulmonary CD11b+ and CD11c+ cells. The activation markers of 
CD11b+ (a) and CD11c+ (B) leukocytes were measured in lung infiltrating leukocytes of C57Bl/6 wild-type and IDO1−/− after 96 h, 2, and 10 weeks of infection with 
1 × 106 Paracoccidioides brasiliensis yeasts. The lung cells were obtained as described in Section “Materials and Methods” and labeled with antibodies conjugated 
to different fluorochromes. The lung infiltrating leukocytes were gated by FSC/SSC analysis. The cells were gated for CD11b+ or CD11c+ expression and then for the 
presence of IAb, CD40, CD80, and CD86. One hundred thousand cells were acquired on FACS CANTO II and, subsequently, analyzed by FlowJo software. Data are 
expressed as means ± SEM and are representative of three independent experiments using five mice of each mouse strain per group (*p < 0.05; **p < 0.01, and 
***p < 0.001).
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CD8+ CD44high CD62Llow, respectively) were detected in the lungs 
of IDO1−/− mice when compared with WT controls (Figure 6).

iDO1 controls the secretion of Pulmonary 
cytokines
Lung homogenates were obtained from infected IDO1−/− and con-
trol WT mice at 96 h, 2, and 10 weeks of infection. Cytokines were 
measured by ELISA. Similar patterns of cytokines production were 
seen at all postinfection periods studied. Most cytokines (TNF-α, 

IL-1β, IFN-γ, TGF-β, IL-27, IL-10, and IL-35) appeared in decreased 
levels, whereas IL-2, IL-6, IL-17, and IL-22 were detected in higher 
concentrations than those detected in WT mice (Figure 7).

iDO1 influences the expression of 
cytokines and Transcription Factors genes
We have also assayed the gene expression of transcription 
factors and cytokines involved in Th1, Th2, Th17, Th22, and 
Treg differentiation as well as the transcription of AhR gene 
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FigUre 4 | Indoleamine 2,3 dioxygenase-1 (IDO1) expression controls the presence of intracellular cytokines in pulmonary CD11b+ and CD11c+ cells. The 
intracellular cytokines were determined in CD11b+ (a) and CD11c+ (B) lung infiltrating leukocytes of wild-type and IDO1−/− C57BL/6 mice after 96 h, 2, and 
10 weeks of infection with 1 × 106 Paracoccidioides brasiliensis yeasts. The lung cells were obtained as described in Section “Materials and Methods” and labeled 
with antibodies conjugated to different fluorochromes. The lung infiltrating leukocytes were gated by FSC/SSC analysis. The cells were gated for CD11b+ or CD11c+ 
expression and then for the presence of cytokines IL-12, TNF-α, IL-1β, IL-10, IL-6, and TGF-β. One hundred thousand cells were acquired on FACS CANTO II and 
subsequently analyzed by FlowJo software. Data are expressed as means ± SEM and are representative of three independent experiments using five mice of each 
mouse strain per group (*p < 0.05; **p < 0.01, and ***p < 0.001).
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FigUre 6 | The absence of indoleamine 2,3 dioxygenase-1 (IDO1) induces 
an increased influx of naïve and activated TCD4+ and TCD8+ lymphocytes to 
the lungs. The phenotypic analysis of lung infiltrating lymphocytes from 
wild-type and IDO1−/− mice was performed at 2 and 10 weeks of 
Paracoccidioides brasiliensis infection. The lung cells were obtained as 
described in Section “Materials and Methods” and labeled with antibodies 
conjugated to different fluorochromes. The lung infiltrating leukocytes were 
gated by FSC/SSC analysis. The cells were then gated for CD4+ or CD8+ 
expression and for membrane markers that characterize naïve and effector/
activated cells (CD44low CD62Lhigh and CD44high CD62Llow, respectively). For 
gate strategy, see Figures S1 and S2 in Supplementary Material. One 
hundred thousand cells were acquired on FACS CANTO II and subsequently 
analyzed by FlowJo software. Data are expressed as means ± SEM and are 
representative of three independent experiments using five mice of each 
mouse strain per group (*p < 0.05; **p < 0.01, and ***p < 0.001).

FigUre 5 | Indoleamine 2,3 dioxygenase-1 (IDO1) expression controls the 
levels of aryl hydrocarbon receptor (AhR) present in CD11b+ e CD11c+ cells. 
The number of IDO1 and AhR expressing cells was determined in lung 
infiltrating leukocytes of wild-type and IDO1−/− mice 96 h, 2, and 10 weeks 
after infection with 1 × 106 viable Paracoccidioides brasiliensis yeasts. The 
lung cells were obtained as described in Section “Materials and Methods” 
and labeled with antibodies conjugated to different fluorochromes. The lung 
infiltrating leukocytes were gated by FSC/SSC analysis. The cells were gated 
for CD11b+ or CD11c+ and then for IDO1 and AhR expression. One hundred 
thousand cells were acquired on FACS CANTO II and subsequently analyzed 
by FlowJo software. Data are expressed as means ± SEM and are 
representative of three independent experiments using five mice of each 
mouse strain per group (**p < 0.01, and ***p < 0.001).
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associated with IDO1 activity. Thus, the mRNA expression in 
whole lung cells of WT and IDO1−/− mice was determined at 
weeks 2 and 10 after infection by RT-PCR using appropriate 
primers. As shown in Figure 8, the absence of the IDO1 led to 
a marked decrease in the relative expression of IFN-γ mRNA, 
a cytokine associated with the induction and catalytic function 
of the enzyme. The mRNA expression for IFN-γ, TNF-α, TGF-
β, and IL-10 also appeared in decreased levels, whereas IL-6, 
IL-17 and IL-22 mRNAs were upregulated in IDO1−/− mice. In 
both postinfection periods, a concomitant decrease in mRNA 
for AhR and Foxp3 transcription factors were observed in 
IDO1 deficient mice. By contrast, RORC and GATA3 mRNAs 
were significantly upregulated IDO1−/− mice, but minor differ-
ences were seen in Tbet expression.

The absence of iDO1 increases the 
number of Th17 but reduces the 
Presence of Th1 and Treg cells
It has been demonstrated in fungal infections the fundamental 
role of IDO1 in promoting the balance between T cell subpopula-
tions (8, 9). IDO1 and Kyn, have the ability of inducing Treg and 
inhibit Th17 cells, contributing to the regulatory mechanisms that 
govern immunity or tolerance to pathogens (1, 2, 10). Therefore, 
we have also characterized the Th subpopulations in the course of 
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FigUre 7 | Indoleamine 2,3 dioxygenase-1 (IDO1) regulates the levels of 
pulmonary cytokines. Quantitation of cytokines in lung homogenates of 
wild-type and IDO1−/− mice infected with 1 × 106 viable Paracoccidioides 
brasiliensis yeasts. The levels of cytokines were measured by enzyme-linked 
immunosorbent assay in lung homogenates obtained at 96 h, 2, and 
10 weeks of infection. Bars show mean ± SEM from at least four mice per 
group and are representative of two independent experiments (*p < 0.05, 
**p < 0.01, and ***p < 0.001).
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P. brasiliensis infection of IDO1-deficient and -sufficient mice. As 
depicted in Figure  9A, the IDO1 enzyme consistently regulates 
the differentiation of Th lymphocytes. In the absence of IDO1, 
decreased numbers of CD4+ IFN-γ+ T cells, which define the Th1 
subset, were found. Regarding the Th2 subpopulation, only at the 
10th week postinfection, a significant increase in the number of 
CD4+ IL-4+ cells were detected in the lungs of IDO1−/− mice. After 
2 and 10 weeks of infection, CD4+ IL-17+ cells appeared in higher 
numbers in the lungs of IDO1−/− mice when compared with their 
WT controls. Furthermore, a marked reduction in pulmonary Treg 
(CD4+ CD25+ Foxp3+) cells was observed in IDO1−/− mice at weeks 
2 and 10 of infection (Figure 9B).

DiscUssiOn

The characterization of the infectious environment is particularly 
important to define how the innate immunity influences the 
subsequent development of adaptive immunity. The regula-
tory mechanisms that operate at both phases of immunity are 
also fundamental to determine how the immune response will 
dictate the severity of an infectious process. In this context, we 
have explored the regulatory mechanism exerted by IDO1 in 
both phases of immunity against P. brasiliensis infection. It was 
quite interesting to verify the close association between T  cell 
phenotypes and those of ILCs, a class of innate cells present at 
the site of infection at the early phase of infection that plays an 
important role in the further definition of adaptive immunity 
(34). We could demonstrate for the first time that ILC participate 
in the immune response against pulmonary PCM. The expansion 
of these ILCs was influenced by the IDO1 activity that controls 
the initial cytokines microenvironment and the induction of 
transcription factors that determine ILC and T cell phenotypes. 
Reduced Eomes and Tbet led, respectively, to diminished NKp46 
and ILC1, whereas increased RORC resulted in increased ILC3, 
including those associated with increased production of IL-22, 
despite the reduced AhR mRNA and protein, which were previ-
ously shown to be involved in the synthesis of IL-22 (15).

Previous studies demonstrated that IDO1 plays an important 
role in the immunity against commensal fungi such as Aspergillus 
fumigatus and Candida albicans by regulating fungal tolerance 
mediated by prevalent activity of IDO and Treg cells and fungal 
immunity mediated by Th1/Th17  cells properly controlled by 
Treg cells (24, 35, 36). Here, we demonstrated that in pulmonary 
PCM, IDO1 controls both, fungal burdens and inflammatory 
reactions, functions that were concomitant with the expression of 
AhR. The absence of IDO1 expression increases fungal burdens 
potentiating the expression of activation markers in macrophages 
and DCs resulting in exacerbated Th17 immunity poorly con-
trolled by Treg cells. This is the worst scenario for a host response 
where the uncontrolled fungal growth is accompanied by intense 
but inefficient inflammatory reactions causing exaggerated tis-
sue pathology that ultimately leads to the precocious death of 
infected mice.

In vaginal candidiasis, the selective deficiency of IDO1 sig-
nificantly increased fungal loads and tissue damage mediated by 
inflammatory cells (37) and here a similar result was observed. Our 
finding of elevated fungal loads may be attributed to the inability 
of IDO1−/− mice to deplete Trp, which possibly contributed to the 
enhanced P. brasiliensis growth. However, the more severe infec-
tion of IDO1−/− mice was accompanied by increased levels of NO, 
a well-recognized fungicidal mediator in P. brasiliensis infection 
(38–44). Actually, a dual role regarding NO activity has been 
observed in PCM. It can enhance the killing ability of IFN-γ acti-
vated macrophages exerting a protective effect (40–42) but is also 
suppressive as previously demonstrated (39, 43, 44). Interestingly, 
Bernardino et al. using iNOS−/− mice clearly showed that absence 
of NO production is accompanied by an early reduction in fungal 
loads and increased T  cell responses. At the chronic phase of 
the disease, iNOS−/− mice showed increased numbers of viable 
yeasts circumscribed, however, by elevated presence of activated 
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FigUre 8 | Indoleamine 2,3 dioxygenase-1 (IDO1) influences the gene expression of cytokines and transcription factors. Relative expression of mRNA for aryl 
hydrocarbon receptor (AhR), IFN-γ, TNF-α, IL-6, RORC, Tbet, GATA3, FoxP3, IL-10, TGF-β, IL-17, and IL-22 in whole lung cells of wild-type and IDO1−/− mice after 
10 weeks of Paracoccidioides brasiliensis infection. The level of gene transcription was determined by real-time PCR. Bars show mean ± SEM from at least four 
mice per group and are representative of three independent experiments (*p < 0.05; **p < 0.01, and ***p < 0.001).
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FigUre 9 | The absence of indoleamine 2,3 dioxygenase-1 (IDO1) increases 
the number of pulmonary Th17 but reduces the presence of Th1 and 
regulatory T (Treg) cells. The phenotypic analysis of lung infiltrating 
lymphocytes from wild-type and IDO1−/− mice was performed at 2 and 10 
weeks of Paracoccidioides brasiliensis infection. The lung cells were obtained 
as described in Section “Materials and Methods” and labeled with antibodies 
conjugated to different fluorochromes. The lung infiltrating leukocytes were 
gated by FSC/SSC analysis. (a) The cells were gated for CD4+ and then for 
intracellular expression of IL-4, IL-17, IL-22, or IFN-γ. (B) For Treg cells 
characterization, the FoxP3+ cells were counted on CD4+ CD25+ double-
positive cells. For gate strategy, see Figure S3 in Supplementary Material. 
One hundred thousand cells were acquired on FACS CANTO II and 
subsequently analyzed by FlowJo software. Data are expressed as 
means ± SEM and are representative of three independent experiments 
using five mice of each mouse strain per group (*p < 0.05 and ***p < 0.001).
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macrophages and T cells (39). Importantly, the inducible isoform 
of nitric oxide synthase (iNOS) responsible for NO production 
and the enzyme IDO1 are induced by IFN-γ (45, 46), but NO and 
IDO1 are mutually inhibitory (47–49). This reciprocal regulation 
was here detected, since the absence of IDO1 expression enhanced 
NO production that, however, was insufficient to control the fungal 
growth. These results were consistent with our previous studies 
in resistant and susceptible mice where increased NO synthesis 
paralleled the IDO1 inhibition by 1MT (50). More than that, these 
results demonstrate that, contrary to the well accepted paradigm, in 
murine PCM the control of fungal growth by IDO1 activity is more 
relevant than that mediated by NO production.

At all postinfection periods analyzed, cells from IDO1−/− mice 
showed increased levels of activation molecules that can explain 

the increased expansion of T  cell that migrate to the lungs of 
IDO1−/− mice. Despite its statistical significance, it is difficult to 
point out the biological relevance of the increased expression of 
costimulatory molecules by DC11b+ cells. However, our previ-
ous report (26) showed that CD11c+ cells from IDO−/− mice have 
an enhanced ability of inducing T cell proliferation. DCs from 
IDO−/− mice have an increased ability of expanding CD4+ and 
CD8+ T  lymphocytes in parallel with decreased proliferation 
of Treg cells (CD4+ CD25+ Foxp3+ T cells). This study has also 
shown that the CD4+ and CD8+ T  cells exhibited an activated 
phenotype as revealed by the expression of CD25 and DC69. 
Interestingly, both CD11b+ and CD11c+ cells showed significantly 
reduced levels of pro- and anti-inflammatory cytokines, in paral-
lel with increased presence of IL-6+ cells. These effects were more 
prominent in CD11c+ than in CD11b+ cells as expected by the 
major expression and activity of IDO1 by the former leukocyte 
subpopulation (2, 51). Furthermore, the new cytokines balance 
in CD11b+ and CD11c+ cells of IDO1−/− mice led to increased 
proliferation of ILC3 and Th17 lymphocytes that are known to 
be expanded by IL-6 and TGF-β signaling, STAT3 phosphoryla-
tion, and expression of RORγτ, the molecular signature of IL-17 
secreting cells.

It has been reported that IDO1 and AhR expression are mutu-
ally regulated (1, 52), and here we could demonstrate the profound 
impairment of AhR production caused by IDO1 deficiency. 
These findings can explain the increased inflammatory reactions 
developed by IDO1−/− mice and the phenotype of T cells and ILC 
developed by P. brasiliensis-infected IDO1−/− mice: increased 
presence of ILC3 and Th17 cells associated with reduced numbers 
of Treg cells.

The elevated numbers of naïve and activated lymphocytes 
found in the lung of IDO1−/− mice were consistent with the higher 
levels of IL-2 produced by IDO1−/− mice, a fact also observed in 
our studies with IDO1 inhibition by 1MT (50). In addition, the 
decreased levels of IL-12, TNF-α, and IFN-γ reflect the reduced 
expansion of Th1  cells as shown by the low numbers of CD4+ 
IFN-γ+ lymphocytes present in the lungs of IDO−/− mice. The 
reduced levels of IL-10, TGF-β, and IL-35 are also concordant 
with the drastic reduction in the expansion and migration of Treg 
cells to the lungs of IDO1−/− mice. Furthermore, the blockade of 
the IDO/AhR axis increased the levels of IL-17 and IL-22 secreted 
into the lungs parenchyma and reflected the major development 
of Th17 cells that have the ability of secreting both cytokines. The 
same shift for the IL-17/IL-22 production was reported by De 
Luca et al. (37) studying the effect of genetic IDO1 deficiency in 
vaginal candidiasis.

It is apparently conflicting the elevated levels of IL-22 and 
reduced presence of AhR observed in the lungs of IDO1−/−-
infected mice. IL-22 belongs to the IL-10 family of cytokines, is 
produced by many cell subpopulations, including Th22, Th1, and 
Th17, classical and non-classical NK  cells (NK-22), NKT  cells, 
and ILC3 (15, 53–58). IL-22 plays an important role in fungal 
infections due to its ability of epithelial tissue repair and the induc-
tion of antimicrobial peptides (37, 59–61). Several transcription 
factors, including STAT3, RORC, and AhR, have been described 
as essential regulators of IL-22 (15) and AhR−/− mice are highly 
compromised in terms of IL-22 production (15, 62). By inducing 
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IL-22-producing ILC, AhR can promote initial fungal clearance, 
and by expanding Treg cells contributes with disease tolerance 
but both mechanisms cooperate to maintain host homeostasis 
(37). The increase in IL-22 here observed could not be ascribed 
to the effect of AhR on T  cells but to the increased influx of 
IL-22-secreting Th17 and ILC3 into the lungs of IDO1−/− mice. 
Indeed, besides Th17 cells, an increased presence of ILC3 positive 
for intracellular IL-22 were seen in the whole course of infection 
of IDO1−/− mice.

The increased number of effector T  cells in the lung cell 
infiltrates of IDO1-deficient mice was concurrent with a vigor-
ous reduction of CD4+ CD25+ FoxP3+ Treg cells. This decreased 
expansion can be attributed to the impaired production of Kyn 
and the reduced activity of AhR, a transcription factor that needs 
its ligand to upregulate the transcription of FoxP3 necessary to 
Treg cells differentiation (63, 64). Indeed, the IDO1 enzyme and 
its catalytic products can act as a bridge between DCs and Treg 
cells that can use reverse signaling and non-canonical NFκB 
activation of DCs for its suppressive effector function and self-
propagation (3). The low numbers of Treg cells were concomitant 
with the reduced levels of several suppressive cytokines detected 
in the lung cell infiltrates of IDO1−/− mice. IL-27 has a wide range 
of immunomodulatory activities. Although it may promote the 
development of Th1, IL-27 can suppress T  cell responses and 
the development of pathogenic Th17  cells (65, 66), functions 
that were possibly impaired in the immune response developed 
by IDO1−/− mice. Besides IL-27, the low levels of typical Treg 
cytokines (TGF-β, IL-35, and IL-10) possibly contributed to the 
enhanced Th17 inflammatory reactions developed by IDO1-
deficient mice.

The IDO1 activity has been associated with the tolerogenic 
function of plasmacytoid DCs (26), a phenomenon also described 
in our pulmonary model of PCM. We verified that P. brasiliensis-
infected pDCs enhanced the expansion of Treg cells and reduce 
the expansion and activation of Th1 and Th17 cells. This finding 
was not detected when pDCs from IDO1−/− mice were used. More 
importantly, the in vivo depletion of pDC by a specific antibody 
resulted in reduced levels of IDO1 and regulatory cytokines in 
the lungs of pDC-depleted mice, once more highlighting the close 
connection between IDO1 and expression of immunosuppressive 
cytokines in PCM (26).

Although no studies have directly addressed the role of IL-17 
in PCM, several indirect findings have clearly demonstrated that 
the well-balanced production of pro- and anti-inflammatory 
cytokines is crucial for establishing protective immunity. 
Indeed, the absence of TLR2 signaling induces an excessive 
tissue pathology associated with increased Th17 differentiation 
and impaired Treg development (67). By contrast, in the case 
of TLR4 deficiency, the excessive proliferation of Treg cells and 

reduced Th17 differentiation led to more severe disease due to 
uncontrolled fungal burden (68). In addition, the immunity 
mediated by the adoptive transfer of effector T cells without the 
concomitant presence of Treg cells led to increased Th17 dif-
ferentiation and tissue pathology (69). These previous findings 
and those reported here clearly indicate that the balanced dif-
ferentiation of Th1/Th17/Treg cells is fundamental for achieving 
protection in pulmonary PCM.

In conclusion, the IDO1–Ahr–Treg axis was strongly impaired 
in the absence of the IDO1 expression clearly demonstrating that 
this regulatory loop plays an important role in the control of 
immunity and severity of pulmonary PCM.
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Fungal bioaerosols are ubiquitous in the environment and human exposure can result in 
a variety of health effects ranging from systemic, subcutaneous, and cutaneous infec-
tions to respiratory morbidity including allergy, asthma, and hypersensitivity pneumonitis. 
Recent research has focused on the role of microRNAs (miRNAs) following fungal expo-
sure and is overlooked, yet important, group of regulators capable of influencing fungal 
immune responses through a variety of cellular mechanisms. These small non-coding 
ribose nucleic acids function to regulate gene expression at the post-transcriptional 
level and have been shown to participate in multiple disease pathways including cancer, 
heart disease, apoptosis, as well as immune responses to microbial hazards and occu-
pational allergens. Recent animal model studies have characterized miRNAs following 
the exposure to inflammatory stimuli. Studies focused on microbial exposure, including 
bacterial infections, as well as exposure to different allergens have shown miRNAs, such 
as miR-21, miR-146, miR-132, miR-155, and the let-7 family members, to be involved in 
immune and inflammatory responses. Interestingly, the few studies have assessed that 
the miRNA profiles following fungal exposure have identified the same critical miRNAs 
that have been characterized in other inflammatory-mediated and allergy-induced exper-
imental models. Review of available in vitro, animal and human studies of exposures to 
Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans, Paracoccidioides 
brasiliensis, and Stachybotrys chartarum identified several miRNAs that were shared 
between responses to these species including miR-125 a/b (macrophage polarization/
activation), miR-132 [toll-like receptor (TLR)2-mediated signaling], miR-146a (TLR 
mediated signaling, alternative macrophage activation), and miR-29a/b (natural killer cell 
function, C-leptin signaling, inhibition of Th1 immune response). Although these datasets 
provide preliminary insight into the role of miRNAs in fungal exposed models, interpre-
tation of miRNA datasets can be challenging for researchers. To assist in navigating this 
rapidly evolving field, the aim of this review is to describe miRNAs in the framework of 
host recognition mechanisms and provide initial insight into the regulatory pathways in 
response to fungal exposure.

Keywords: fungal exposure, microRNA, fungi, immune response, inflammatory response

Abbreviations: Clec7a, C-type lectin domain family 7 member A; IL, interleukin; LPS, lipopolysaccharide; RNA, ribose nucleic 
acid; RNAi, RNA interference; mRNA, messenger RNA; miRNA, microRNA; TLRs, Toll-like receptors.
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iNTRODUCTiON

Fungi are ubiquitous eukaryotic microorganisms that can be 
prevalent in indoor, outdoor, and occupational environments.  
A small portion of 1.5 million fungal species estimated to exist (1) 
are primary or opportunistic pathogens, whereas the vast major-
ity is ubiquitous saprophytes that obtain nutrients from organic 
matter. Fungi are composed of membrane bound organelles that 
are encased by a rigid cell wall but do not contain chlorophyll. 
The cell wall is composed of ergosterol, chitin, glucans, such as 
(1 → 3)-β-d-glucan, and mannose proteins (2). Fungal lifeforms 
broadly vary from unicellular yeasts to multicellular filamentous 
hyphae that include the production of mitotic or meiotically pro-
duced spores. In some cases, fungi are dimorphic and share both 
lifecycles. Upon disturbance, fungal spores can be aerosolized 
and in some occupational environments the airborne concentra-
tions may exceed 1 × 105 spores/m3 (3).

Personal exposure to fungal species has been associated with a 
broad variety of adverse health effects that range from pulmonary, 
sinus, and subcutaneous infections to respiratory morbidities that 
may include hypersensitivity pneumonitis, allergy, and asthma 
(3). Each of these health effects is dependent on the host’s immune 
responsiveness and fungal species exposed (4). In specific geo-
graphical regions, dimorphic fungi that cause endemic mycoses 
exist as either a filamentous fungus in the environment or as a 
pathogenic yeast in the host. In the environment, the filamentous 
hyphae grow in soil at ambient temperatures and produce infec-
tious spores (5, 6). Soil disturbance can aerosolize spores that can 
be inhaled by a mammalian host. In a process that is thermo-
regulated, the spores can germinate into a pathogenic yeast phase 
that helps these fungi avoid the hosts’ immune responses. For 
example, Blastomyces dermatitidis can proliferate on the respira-
tory mucosa, Histoplasma capsulatum modulates the monocyte 
phagolysosome compartment, and Coccidioides immitis develops 
a large spherule containing endospores that is resistant to 
phagocytosis. These dimorphic fungal species as well as others, 
including Paracoccidioides brasiliensis (paracoccidioidomycosis) 
and Talaromyces (Penicillium) marneffei (talaromycosis), affect 
the lungs, although the latter can also affect the liver and mouth.

By contrast, opportunistic fungal pathogens consist of fungi 
that are environmentally ubiquitous and affect those who are 
immunocompromised, especially patients who have received 
a transplant or undergoing chemotherapy or corticosteroid 
therapy. Examples of fungi that are commonly implicated in 
opportunistic infections include, Candida albicans (candidiasis), 
Pneumocystis jirovecii (Pneumocystis pneumonia), Cryptococcus 
neoformans/gattii (cryptococcosis), and Aspergillus fumigatus 
(aspergillosis). Infections can be acquired through the inhalation 
of conidia or yeast depending on the species and can result in 
systemic mycoses. With the increase in broad-spectrum antibi-
otic usage and other medical and therapeutic strategies, invasive 
opportunistic fungal infections are of particular concern in the 
hospital setting, as nosocomial infections may be life-threatening 
for critically ill individuals (7).

The World Health Organization and the Institute of Medicine 
have published consensus documents that report respiratory 
morbidities are associated with damp indoor environments 

(8, 9). Recent epidemiological evidence has further built on 
these consensus findings and shown exposure to mold in damp 
indoor environments to be associated with adverse respiratory 
health effects (10, 11). Following recent natural disasters and 
flooding events associated with Hurricanes Harvey, Irma, and 
Maria, water-infiltrated occupational, and residential buildings 
are environments where mold can grow and proliferate on water 
damaged building materials. Returning to these environments and 
disturbing contaminated building materials can result in the aero-
solization of fungal spores (12) that can pose a significant health 
risk especially if the person is immunocompromised. Fungi asso-
ciated with colonizing wet building materials include, Aspergillus 
versicolor, Ulocladium chartarum, Chaetomium globosum, and 
Stachybotrys chartarum that are hydrophilic and require a high 
water activity for growth and proliferation. Of these hydrophilic 
fungal contaminants, S. chartarum is the most widely studied and 
many reports have identified exposure to contribute to negative 
health effects (12–15).

Due to increased community concern regarding personal 
exposure to these pathogenic fungi and the potential result of 
life-threatening health outcomes, it is important to characterize 
the mechanisms that contribute to the host innate and adap-
tive immune responses. Previous research has focused on host 
responses in fungal exposure models by analyzing functional, 
histological, and immunological endpoints; however, research 
examining the molecular mechanisms that underlie these 
responses remains unclear for many clinically relevant fungal 
species. Although many studies have been published that have 
explored pulmonary immunological responses to acute and 
chronic fungal spores exposures, the microRNAs (miRNAs) that 
regulate these deficiencies have not been fully characterized. In 
this review, the state-of-knowledge of miRNAs characterized 
in various animal models, including those that have evaluated 
fungal exposures, will be reviewed with emphasis placed on the 
mechanistic insights that these studies have provided in relation 
to the host response following fungal exposure.

MiCRORNAs

MicroRNAs are an important group of regulators capable of influ-
encing gene expression through different mechanisms (16–20). 
Consisting of short, single stranded noncoding ribose nucleic 
acids (RNAs), miRNAs bind to target messenger RNA (mRNA) 
to downregulate gene expression post-transcriptionally through 
RNA silencing or RNA degradation (21, 22). Depending on the 
complementarity of base pairing, gene expression is repressed, 
as observed in humans and animals, or mRNA is cleaved, as 
observed in plants (23–25). More recently, studies have shown that 
miRNA can also activate the translation of certain target mRNA 
(17, 18, 26). Providing insight into how altered miRNA profiles 
affect upstream processes can be methodologically challenging. 
For example, a single miRNA can regulate from one to multiple 
genes, whereas studies have also shown that multiple miRNAs 
can regulate the same gene (27–30). Several miRNAs, as well as 
miRNA families, have been extensively studied and have been 
characterized in models of cancer, heart disease, aging, apoptosis, 
and immune responses to inflammatory stimuli (19, 20, 31–34).
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influence of miRNAs on iL-13-Mediated 
Allergic Responses
The let-7 family is the most abundant pulmonary miRNAs and has 
been identified in cancer, diabetes, and aging studies (35–39). The 
let-7 family members have been shown to target interleukin (IL)-
13 in in vivo and in vitro models, although the regulatory in vivo 
mechanisms of let-7 are complex (20, 40). miR-21 is another 
widely studied miRNA and has been shown to participate in the 
inflammatory response elicited by different stimuli, including 
doxycycline-induced allergic airway inflammation (41), as well as 
viral, bacterial and protozoan infections (42–44). One of the most 
upregulated miRNAs in human patients with allergic eosinophilic 
esophagitis is miR-21 (45, 46), which correlates with studies that 
reported miR-21 and miR-223 as regulators of eosinophilic devel-
opment in an ex vivo model of bone-derived eosinophils (47, 48). 
miR-375 has also been reported to be downregulated in epithelial 
cells derived from patients with eosinophilic esophagitis, as well 
as in IL-13 stimulated epithelial cells indicating the role of miR-
375 as a regulator of IL-13-mediated responses (21).

miRNA involvement in Allergy-induced 
Asthma
In rodent models exposed to house dust mite allergen, increased 
miR-126, miR-106a, and miR-145 expression have been shown 
to contribute to allergic inflammation (49–51). Studies involving 
airborne pollutants, such as cigarette smoke, reported a down-
regulation in let-7c, let-7f, miR-34b, miR-34c, and miR-222, 
all of which contributed to pulmonary inflammation in rodent 
models (52–54). Research examining aberrant miRNA profiles in 
asthmatic hosts has also revealed novel miRNAs that contribute 
to allergic airway disease. Examination of CD4+ T cells isolated 
from the bronchoalveolar lavage fluid from asthmatic human 
patients revealed that miR-19a had the highest expression (55), 
which promoted a Th2-mediated cell response, a known response 
contributing to allergic asthma. In another study, miR-221 and 
miR-485-3p were upregulated in peripheral blood from pediatric 
asthmatic human patients compared with controls, suggesting 
that these miRNAs contribute to the development of asthma 
(56). In a chemical allergen model examining the murine miRNA 
profile following dermal exposure to toluene 2,4-diisocyanate, 
miR-21, miR-22, miR-27b, miR-31, miR-126, miR-155, miR-210, 
and miR-301a expression were increased (57). While this study 
identified miRNAs that are known to participate in the immune 
response associated with asthma (miR-21, miR-31, miR-126, and 
miR-155), new miRNAs were proposed as potential biomarkers 
for allergic sensitization to toluene 2,4-diisocyanate (miR-22, 
miR-27b, miR-301a, and miR-210).

miRNA Regulation on Adaptive immunity
MicroRNAs critically influence the development and responses 
of the immune system, but the contributing biological mecha-
nisms are poorly characterized (22, 58–60). Overexpression 
of the miR-17-92 cluster and miR-181 enhanced B-cell prolif-
eration, while miR-150 regulated B-cell differentiation (61–64). 
When overexpressed, miR-181 has been shown to decrease 
T-cell numbers (61), but enhance T-cell receptor signaling (65). 

When T  cells are activated, the miRNA expression profiles are 
altered (66–68). T-cell activation has additionally been found to 
induce the miR-17~92 family members (69), as well as the gene 
that encodes miR-155 (70). miR-155 has also been reported to 
regulate antigen presentation (71) and to negatively regulate 
toll-like receptor (TLR) and cytokine signaling (72). The miR-
17-92 cluster promotes Th1 type immune responses along with 
inhibiting regulatory T-cell differentiation (69). Rodriquez et al. 
showed that miR-155 is required for normal functioning of B and 
T lymphocytes as well as dendritic cells (73).

Macrophage Development and TLR 
Signaling
In human macrophages, miR-155 targets and subsequently 
decreases IL-13Rα1, modulating the IL-13 pathway and the switch-
ing between classic and alternatively activated macrophages (74). 
Macrophage polarization is transcriptionally controlled by either 
miR-146b or miR-34a, directing an M1 macrophage polarization, 
whereas miR-18a/miR-34a, miR-130b, or miR-125-5p dictates an 
M2 macrophage phenotype (75). miR-21 has also been reported 
to direct macrophage polarization from an M1 phenotype toward 
an M2 phenotype (75). Alveolar macrophages isolated from a 
fibrotic mouse model showed significantly increased miR-let-7c 
levels compared with control and that overexpression of this 
miRNA regulated macrophage polarization (76). Expression of 
miR-124 and miR-223 in macrophages has also been reported to 
contribute to macrophage polarization (77, 78).

Located on the surface of sentinel cells, such as macrophages, 
TLRs play a critical role in the innate immune system by rec-
ognizing pathogen-associated molecular patterns expressed on 
pathogens and signaling for the production of cytokine to elicit 
an immune response. These TLRs participate in macrophage 
activation and have been shown to induce miR-155, miR-146, 
miR-147, miR-9, and miR-21 (79, 80). An upregulation of miR-
21 has been observed in both primary human airway epithelial 
cells (41) and in an IL-13 transgenic mouse model with the latter 
study identifying that the observed miR-21 upregulation was 
through an IL-13Rα1-dependent mechanism (81). This increase 
in miR-21 was also associated with inhibited Th1 cytokine signal-
ing (41). Using an ovalbumin-induced miR-21 deficient mouse 
model, Th1 cytokines were found to be increased (82), support-
ing the contribution of miR-21 in Th2 type immune responses. 
One study confirmed that miR-21 expression inhibited murine 
pulmonary inflammation by suppressing TLR2 signaling (81). 
When secreted from tumor cells, miR-21 and miR-29a have also 
been reported to interact with TLRs, specifically TLR7 and TLR8, 
respectively (83). Upon lipopolysaccharide (LPS) stimulation, 
miR-146a/b was shown to be induced and predicted to negatively 
regulate TLR and cytokine signaling (72).

influence of miRNA on T-Helper Cell 
Responses
Macrophage surface activation is induced in the presence of over-
expressed miR-125b (84) and in an eosinophilic rhinosinusitis 
animal model, miR-125b is increased resulting in increased inter-
feron gamma and a Th1 type immune response (85). miR-19a has 
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also been shown to be critical in regulating Th1 type responses 
through the production of interferon gamma following antigen 
stimulation in a mouse model (69). Upregulation of miR-19a also 
caused increased inflammation and promoted a Th2 type response 
(55). miR-19a is a member of the miR-17–92 cluster, which has 
been reported to be upregulated during T-cell activation (69, 86). 
Th17 cell differentiation has also been shown to be regulated by 
the miR-106-363 cluster (87) and in an experimental autoimmune 
encephalomyelitis model, Th17 cell-mediated inflammation was 
shown to be induced by both miR-326 and miR-21 (88, 89).

In summary, multiple studies have characterized the role 
of miRNAs on immune processes in a variety of diverse ani-
mal models of inflammation, but few studies have evaluated 
the miRNA profiles following fungal exposures (Figure  1). 
Investigation of these miRNA profiles could provide insight into 
the immune mechanisms and regulatory pathways involved in 
the host response to fungal exposure.

FUNgAL eXPOSURe: ROLe OF miRNAs

Several research studies have focused on the miRNA profiles 
following acute or chronic fungal exposures (Figure 1). Table 1 
shows 10 studies that have preliminarily characterized differ-
entially expressed miRNAs following exposure to five clinically 
relevant fungal species including A. fumigatus (22, 90, 91),  
C. albicans (22, 92–94), C. neoformans (95), P. brasiliensis (96, 
97), and S. chartarum (98). The paucity of research investigating 
the regulation of miRNAs on pulmonary and systemic responses 
to fungal exposure highlights the need for research examining 
the role miRNAs play in the immunological mechanisms associ-
ated with endemic, opportunistic, and environmental fungal 
exposures.

miRNA Profiles following P. brasiliensis 
infection
Paracoccidioidomycosis, caused by the dimorphic fungus P. 
brasiliensis, is a public health burden in Latin America (117). 
This fungus can be isolated in the form of yeast from infected 
individuals and armadillos, and has also been sporadically iso-
lated from soil, dog food, and bat feces (118, 119). The disease 
begins with the inhalation of spores into the lungs that germinate 
into yeast and cause a primary lung infection or disseminate 
systemically resulting in oral and cutaneous lesions. To date, two 
studies have evaluated differentially expressed miRNAs following 
P. brasiliensis exposure in a murine model and in a human model. 
Turini Gonzales Marioto et al. (97) evaluated the miRNA profiles 
in mice intravenously administered P. brasiliensis and showed 
that the most upregulated miRNAs at 28  days included miR-
126a-5p, miR-340-5p, miR-30b-5p, miR-19b-3p, miR-221-3p, 
miR-20a-5p, miR-130a-3p, and miR-301a-3p, whereas after 
56 days, miRNAs from the let-7 family, as well as miR-26b-5p, 
and miR-369-3p were the greatest upregulated miRNAs (97). 
The only miRNA that was upregulated at both time points was 
miR-466k (Table 1). This study identified differentially expressed 
miRNAs that are known to contribute to the immune response 
through T cell function and proliferation, as well as monocyte 
and erythrocyte differentiation. The contribution of miR-466k 
on the immune response is unknown; however, this miRNA 
has been identified in prostate cancer and graft rejection studies 
(120, 121). Another study examined the miRNA profile in the 
serum of human patients infected with P. brasiliensis and found 
that of the 752 miRNAs analyzed, 8 were differentially expressed 
(96). The upregulated miRNAs included miR-132-3p, miR-604, 
miR-186-5p, miR-29b-3p, miR-125b-5p, miR-376c-3p, and miR-
30b-5p, where the only downregulated miRNA was miR-423-3p 
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TAbLe 1 | Differentially expressed microRNAs following fungal exposure.

miRNA Regulation Fungal species exposure 
model

Function in immune responsea Reference

let-7 family ↑ Paracoccidioides brasiliensis Inv Regulator of TLR mediated signaling; Involved in IL-13 production (97, 99)
miR-125a ↑ Candida albicans Cc Regulator of macrophage polarization; Enhances classical activation of 

macrophages
(92, 100)

miR-125b ↑ P. brasiliensis Hu (96, 101)
miR-126a ↑ P. brasiliensis Inv Promoter of Th2 immune response (49, 97)
miR-129 ↑ C. albicans with Aspergillus 

fumigatus
Cc Regulation of cell cycle (22, 102)

miR-130a ↑ P. brasiliensis Inv Involved in CD8+T cell activation (97, 103)
miR-132 ↑ P. brasiliensis Hu Regulator of TLR2 mediated signaling; induces alternative activation of 

macrophages
(96, 104)

↑ A. fumigatus Cc (90, 101)
↑ C. albicans with A. fumigatus Cc (22)

miR-146a ↑ C. albicans Cc Negative regulator of TLR mediated signaling; Induces alternative activation 
of macrophages

(92, 94)

↑ Cryptococcus neoformans Cc (95, 101, 105)
miR-155 ↑ C. albicans Cc Regulator of TLR mediated signaling; Enhances classical activation of 

macrophages; Promoter of Th2 immune response
(92, 93, 100, 

101, 105)
miR-186 ↑ P. brasiliensis Hu Involved in TLR2 mediated signaling (96, 106)
miR-19b ↑ P. brasiliensis Inv Promoter of Th17 immune response; T cell proliferation (97, 107)
miR-20a ↑ P. brasiliensis Inv Negatively regulates monocyte differentiation (97, 108)
miR-210 ↑ C. albicans Cc Involved in Th1 and Th17 cell differentiation (94, 109)
miR-21a ↑ Stachybotrys chartarum Inh Regulator of TLR mediated signaling; Involved in monocyte, dendritic, 

macrophage, and Th2 cell differentiation; Involved in macrophage activation
(98, 109, 110)

miR-212 ↑ C. albicans with A. fumigatus Cc Involved in B-cell development and Th17 cell differentiation (22, 111)
miR-23 ↓ A. fumigatus Inh Involved in cell differentiation of B cells; Mediate macrophage polarization (91, 109)
miR-26b ↑ P. brasiliensis Inv Increases regulatory T cells (97, 107)
miR-29a ↓ A. fumigatus Inh Regulator of natural killer cell function; Involved in C-leptin signaling; 

Inhibition of Th1 immune response
(91, 112)

miR-29b ↑ P. brasiliensis Hu (96, 100)
miR-30 ↑ C. albicans Cc Involved in natural killer cell function and B cell activation; Involved in cell 

function of cytotoxic T cells
(94, 109)

miR-30b ↑ P. brasiliensis Inv, Hu (96, 97)
miR-301a ↑ P. brasiliensis Inv Promoter of Th17 immune response; Regulator of TLR mediated signaling (97, 100, 113)
miR-340 ↑ P. brasiliensis Inv Unknown (97)
miR-369 ↑ P. brasiliensis Inv Activation of protein translation (26, 97)
miR-376c ↑ P. brasiliensis Hu Unknown (96)
miR-423 ↓ P. brasiliensis Hu Regulator of chemokine expression (96, 114)
miR-455 ↑ C. albicans Cc Involved in nuclear factor-kappaB signaling (92, 115)
miR-466k ↑ P. brasiliensis Inv Unknown (97)
miR-604 ↑ P. brasiliensis Hu Unknown (96)
miR-706 ↑ S. chartarum Inh Promotes granulocyte production (98, 116)

aImmune responses are compiled from different studies utilizing a variety of diseased models and not necessarily from fungal exposure studies. Exposure model abbreviations are 
Inv, Intravenous administration or through; Inh, Inhalation using a mouse model; Cc, cell culture; Hu, Human patients.
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(Table  1). These miRNAs are known to mediate macrophage 
polarization or are involved in TLR2 signaling, indicative of a 
Th1 immune response. Interestingly, both studies reported an 
upregulation in miR-30b-5p, suggesting a possible biomarker for 
P. brasiliensis infection.

miR-132 is induced by A. fumigatus 
exposure
Aspergillus fumigatus is a commonly encountered pathogenic 
fungal species and is often found in the soil, occupational 
environments [i.e., biowaste containment facilities (122, 123)] 
or indoor environments [i.e., hospitals (124, 125)]. Inhalation of 
A. fumigatus unicellular spores can result in varying degrees of 
infection, known as aspergillosis, depending on the preexisting 
conditions of the host. miR-132 has been shown to be induced in 
human monocytes and dendritic cells following stimulation with 

A. fumigatus compared with control, LPS (90). These datasets sug-
gest a Th2-mediated response, which is further supported by other 
recent animal models of inhalation exposure to A. fumigatus (91).

Upregulation of miR-146 in Candida  
and C. neoformans
Candidiasis, an infection caused by several endogenous Candida 
species, results in varying symptoms depending on the site of 
infection (126, 127). Candidiasis is among the most common 
opportunistic fungal infections localized in the gastrointestinal 
tract (thrush), occluded regions of the hands, feet, and groin, 
or can develop into invasive candidiasis and disseminate 
systemically in the blood (candidemia), heart, brain, eyes, and 
bones. Invasive candidiasis is the most common type of fungal 
infection in critically ill patients, with approximately 46,000 
healthcare-associated cases occurring each year in the United 
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States (126–128). Although Candida infections are typically 
resolved by antifungal therapy, some Candida species are resist-
ant or are becoming resistant, such as C. auris (129). In murine 
macrophages stimulated by 106 cells/mL heat killed C. albicans, 
miR-146a and miR-155, as well as miR-455 and miR-125a were 
upregulated (92), indicative of the involvement of these miRNAs 
in macrophage polarization.

Similar to the findings of Monk et  al. (92), miR-146a was 
also shown to be upregulated in human monocytic THP-1 cells 
exposed to C. neoformans, inhibiting nuclear factor-κB activation 
and the release of inflammatory cytokines (95). C. neoformans 
is one of two pathogenic Cryptococcus species, and along with  
C. gatti, typically live in the soil surrounding trees and are 
capable of causing infection following inhalation. Exposure to 
Cryptococcus species usually causes adverse respiratory health 
effects; however, it can affect other parts of the body such as the 
brain, known as cryptococcal meningitis (130, 131).

miRNA Profiles following a Mixed Fungal 
exposure
In a model of mixed fungal exposure, Dix et  al. co-cultured 
human monocyte-derived dendritic cells with A. fumigatus, C. 
albicans, and LPS and showed that differentially expressed miR-
NAs were increased after 6 and 12 h, with a stronger regulation 
observed after 12 h (22). Twenty six miRNAs were identified to 
be differently expressed in response to the exposure. The authors 
also showed that strongly modified miRNAs after exposure to 
fungi clustered separately from the strongly modified miRNAs 
exposed to LPS. This clustering pattern suggests that examination 
of miRNA profiles could distinguish between fungal and bacterial 
exposure. For example, miR-132 and miR-212-5p were specific 
to fungal exposure at 6 h time point, whereas miR-132, miR-212, 
and miR-129-5p were specific to fungal exposure at 12  h time 
point.

C-Leptin Receptors and  
Associated miRNAs
Critical to antifungal innate immunity, Dectin-1 is a surface 
receptor that recognizes (1,3)-β-D-glucan found on the cell wall 
of germinating conidia (91, 132). To date, several studies have 
attempted to explore the regulatory mechanisms involving miR-
NAs that underlie Dectin-1 associated immune responses. In a 
murine model of subchronic A. fumigatus inhalation exposure, 
Croston et  al. showed that significantly downregulated miR-
29a-3p was predicted to regulate C-type lectin domain family 7 
member A, the gene that codes for Dectin-1 (91). A recent study 
found that following exposure to C. albicans, Dectin-1 is required 
for the upregulation of miR-155 in murine macrophages (93). 
Along with an increase in miR-30-5p and miR-210-3p in THP-1 
cells treated with β-glucan isolated from C. albicans, Du et  al. 
found that miR-146a was increased upon Dectin-1 stimulation 
and negatively regulated the resultant inflammatory response 
(94). Results from the Croston et al. study using a murine model 
of subchronic A. fumigatus inhalation exposure also determined 
that significantly downregulated miR-23b-3p and miR-145a-5p 
was predicted to regulate the mannose receptor gene, Mrc1 (data 
not reported).

miRNA Profiles following exposure to 
Occupationally Relevant Fungal Species
In order to elucidate the influence of germination on the ensu-
ing immune response, Croston et  al. utilized an acoustical 
generator system to deliver dry fungal spores to mice housed 
in a multi-animal nose-only inhalation chamber (91). This 
murine inhalation model reproduces exposures that could be 
encountered in contaminated indoor or occupational environ-
ments (133). Furthermore, this study included a heat inactivated 
conidia group that was used as a biological control to examine 
the influence of germination on the miRNA profiles. Along with 
a downregulation of miR-29a-3p, miR-23b-3p, a miRNA pre-
dicted to target SMAD2, as well as genes involved in IL-13 and 
IL-33 responses, was also downregulated following subchronic 
exposure to a dry aerosol containing viable A. fumigatus conidia 
(91). Furthermore, out of 415 miRNAs detected, approximately 
50% were altered in mice exposed to viable versus heat inac-
tivated conidia 48  h post fungal exposure. Taken together, 
these results demonstrate that A. fumigatus germination is an 
important variable that can lead to the induction of allergic 
inflammation in the lungs, potentially through an IL-13/IL-33-
driven mechanism.

Stachybotrys chartarum is a hydrophilic fungal species preva-
lent in water infiltrated occupational and residential environ-
ments. Exposure to S. chartarum is currently of heightened public 
health interest following recent natural disasters, such as floods 
and hurricanes, that can lead to the contamination of indoor 
building materials. Following the consensus reports published 
by the IOM and WHO, the immunological mechanisms that 
contribute to the host response to fungal contaminant exposure 
require further elucidation. Recent studies have attempted to 
characterize critical interactions that influence these pulmonary 
immunological responses. Croston et al. found that miR-21a was 
the only miRNA upregulated in murine whole lung homogen-
ate 48  h following subchronic exposure to S. chartarum (98) 
(Figure 2). Although miR-21a is known to promote a Th2 phe-
notype, a more dominant Th1 phenotype was evident. Since then, 
miR-706 was also discovered to be upregulated at the same time 
point. Interestingly, out of 468 miRNA evaluated, only 2 were 
upregulated with no downregulated miRNAs. These preliminary 
results suggest that miRNA regulation mechanisms induced by  
S. chartarum vary from A. fumigatus in these studies using 
the same exposure system and the pulmonary immunological 
responses to this species require further evaluation.

Figure  2 depicts a disease pathway generated by Ingenuity 
Pathway Analysis (IPA) that includes predicted miRNAs involved 
in the inflammation of organs. Once miRNA data are uploaded 
into IPA, the integrated knowledge base predicts associations 
between miRNAs from the dataset and different disease pathways 
or biological functions. These predictions are primarily based on 
previously publish datasets derived from a broad diversity of 
animal models. The miRNA dataset included in Figure  2 was 
obtained from murine whole lung homogenate 48  h following 
subchronic exposure to S. chartarum (98). When analyzing the 
top diseases and biological functions of the miRNAs included 
in the dataset, a handful were predicted to be involved in an 
inflammatory response, specifically in organ inflammation, 
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FigURe 2 | Disease network map generated by Ingenuity Pathway Analysis depicting miRNAs involved in the inflammation of organs. miRNAs are color-coded (red 
or green for up- and downregulation, respectively) for the expression of miRNAs in Stachybotrys chartarum exposed versus control at 13 weeks, 48 h post-
exposure. Gray dotted lines represent predicted regulated relationship.
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illustrated in Figure 2. The miRNAs are color-coded depending 
on the respective expression level (red or green for up- and down-
regulation, respectively). The absence of confirmed associations 
between miRNAs, evidenced by gray dotted lines, supports the 
lack of miRNA profile studies following fungal exposure.

To date, only a handful of studies have examined the altered 
miRNA profiles following fungal exposure; therefore, more 
researches are required to fully understand the mechanistic influ-
ence miRNAs have on the immune response. With the increased 
interest in studying miRNAs, methodological approaches are 
becoming more advanced by using next-generation sequencing 
methods that examine miRNA profiles in more depth and at a 
higher precision compared with miRNA arrays. Once the more 
influential miRNAs are identified, strategies can be developed in 
order to manipulate the host response. With the use of transgenic 
or knockout animal models, the functionality of miRNAs or genes 
can be elucidated; however, the manipulation of the genome may 
in fact alter normal miRNA production or function, contribut-
ing to the phenotype of the disease (134). Targeting miRNAs 
that are upregulated or replacing the expression of miRNAs 
that are downregulated are potential strategies that could be 
tested in animal models as a new therapeutic strategy to treat 

fungal infections and diseases. This targeting strategy could be 
completed through the use of an anti-miR or a miRNA mimic 
(135), and may allow for the manipulation of a group of genes 
or proteins that participate in the progression of the infection 
or disease. Ultimately, these targeting strategies will help bridge 
the knowledge gap between the identification of miRNAs and 
the host responses to fungal exposure, potentially leading to 
advanced therapeutics to combat adverse effects resulting from 
exposure to pathogenic fungi.

CONCLUSiON

In this review, the identification and influence of miRNAs on 
the host immune responses following fungal exposure were 
examined. Compared with existing datasets examining miRNA 
profiles in allergic and inflammatory models, some common dif-
ferentially expressed miRNAs were identified in fungal exposed 
models. Influential miRNAs altered in different disease models, 
such as miR-132, functions to maintain a normal hematopoietic 
output during an immune response and regulates genes at the 
beginning of an immune response to regain homeostasis of 
the immune system. Other common miRNAs identified in 
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multiple inflammatory disease models, including miR-155 and 
miR-146a, regulates critical genes involved in the host defense 
system through opposing mechanisms. For example, miR-146a 
is known to decrease cytokine production and inhibits Th1 cells 
following an inflammatory stimulus, as well as induces alternative 
activation of macrophages, whereas miR-155 stimulates both Th1 
and Th17 immune responses and induces classical activation of 
macrophages. Taken together, these miRNAs act in concert to 
defend the host from infection. In addition to common miRNAs 
identified in multiple diseased models, the miRNAs that were 
observed to be differentially expressed specifically in fungal 
exposed models could potentially serve as biomarkers for fungal 
exposures.

Recent discoveries in miRNA biology have heightened the 
research community’s interest in examining the altered genetic 
profiles in different disease models; however, only a few studies 
have examined miRNA profiles following fungal exposure. As 
such, the description of the immune responses to the corre-
sponding miRNAs listed in Table 1 was not all compiled from 
fungal exposure studies due to the lack of research examining 
the influence of miRNAs on the immune responses following 
fungal exposure. Although advancements made in this field 

have helped elucidate mechanisms underlying host responses 
to a variety of infections and diseases, further examination 
of miRNA profiles, specifically in fungal exposed models, is 
required in order to provide greater mechanistic insight into 
the immunological response to clinically and environmentally 
relevant fungal species.
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Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) is a rare 
primary immunodeficiency disorder typically caused by biallelic autoimmune regulator 
(AIRE) mutations that manifests with chronic mucocutaneous candidiasis (CMC) and 
autoimmunity. Patients with STAT1 gain-of-function (GOF) mutations also develop CMC 
and autoimmunity; they exhibit increased STAT1 protein levels at baseline and STAT1 
phosphorylation (pSTAT1) upon interferon (IFN)-γ stimulation relative to healthy controls. 
AIRE interacts functionally with a protein that directly regulates STAT1, namely protein 
inhibitor of activated STAT1, which inhibits STAT1 activation. Given the common clinical 
features between patients with AIRE and STAT1 GOF mutations, we sought to determine 
whether APECED patients also exhibit increased levels of STAT1 protein and phosphor-
ylation in CD14+ monocytes. We obtained peripheral blood mononuclear cells from 8 
APECED patients and 13 healthy controls and assessed the levels of STAT1 protein and 
STAT1 tyrosine phosphorylation at rest and following IFN-γ stimulation, as well as the 
levels of STAT1 mRNA. The mean STAT1 protein levels in CD14+ monocytes exhibited 
a ~20% significant decrease in APECED patients both at rest and after IFN-γ stimula-
tion relative to that of healthy donors. Similarly, the mean peak value of IFN-γ-induced 
pSTAT1 level was ~20% significantly lower in APECED patients compared to that in 
healthy controls. The decrease in STAT1 and peak pSTAT1 in APECED patients was 
not accompanied by decreased STAT1 mRNA or anti-IFN-γ autoantibodies; instead, 
it correlated with the presence of autoantibodies to type I IFN and decreased AIRE−/− 
monocyte surface expression of IFN-γ receptor 2. Our data show that, in contrast to 
patients with STAT1 GOF mutations, APECED patients show a moderate but consistent 
and significant decrease in total STAT1 protein levels, associated with lower peak levels 
of pSTAT1 molecules after IFN-γ stimulation.

Keywords: sTaT1, phosphorylation, chronic mucocutaneous candidiasis, AIRE, aPeceD, cD14+ monocytes, 
iFn-γ

Abbreviations: APECED, autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy; APS-1, autoimmune polyglan-
dular syndrome type-1; CC, coiled-coil; CMC, chronic mucocutaneous candidiasis; DB, DNA binding; GOF, gain-of-function; 
LOF, loss-of-function; PBMC, peripheral blood mononuclear cells; STAT, signal transducer and activator of transcription.
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Table 1 | Clinical manifestations of the eight autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy patients included in this study.

Manifestationa number of 
affected patients

% of affected 
patients

Adrenal insufficiency 7 88
Asplenia 1 13
Autoimmune hepatitis 2 25
Alopecia 1 13
B12 deficiency 3 38
Chronic mucocutaneous candidiasis 7 88
Enamel hypoplasia 8 100
Gastritis 3 38
Gonadal failure 3 38
Early-onset hypertension 4 50
Hypoparathyroidism 8 100
Hypothyroidism 3 38
Intestinal dysfunction 6 75
Keratoconjunctivitis 1 13
Nail dystrophy 1 13
Tubulointerstitial nephritis 1 13
Pneumonitis 2 25
Sjogren’s-like syndrome 3 38
Urticarial eruption 3 38
Vitiligo 1 13

aThe manifestations are presented in alphabetical order.
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inTrODUcTiOn

Autoimmune polyendocrinopathy-candidiasis-ectodermal dystr-
ophy (APECED) or autoimmune polyglandular syndrome type-1 
(APS-1; OMIM 240300) is a monogenic disorder caused by 
biallelic mutations in the autoimmune regulator (AIRE) gene, a 
thymus-enriched transcription regulator that promotes central 
immune tolerance via the expression of peripheral tissue self-
antigens in medullary thymic epithelial cells (1, 2). Additional 
AIRE functions have recently been proposed to also contribute 
to immunological tolerance (3–6). In addition, heterozygous 
dominant-negative AIRE mutations in the plant homeodomain 1 
domain have also been described, associated with organ-specific 
APECED-associated autoimmune manifestations and/or chronic 
mucocutaneous candidiasis (CMC) (7–9). APECED patients 
manifest with a characteristic constellation of CMC and autoim-
munity that involves both endocrine and non-endocrine tissues 
(10–12). In fact, APECED is the only CMC-associated primary 
immunodeficiency disorder in which CMC is the sole consistent 
infectious disease phenotype. In addition to the breakdown in 
mechanisms of T-cell tolerance, AIRE-deficient patients also have 
high titers of neutralizing autoantibodies against Th17 cytokines 
and tissue-specific autoantigens, which have been shown to 
correlate with the development of CMC and organ-specific 
autoimmune manifestations, respectively (13–15). In addition, 
APECED patients exhibit a decreased frequency of peripheral 
blood IL-17-producing CD4+ T cells following PMA/ionomycin 
stimulation [(3, 15), Lionakis, unpublished observations].

Heterozygous STAT1 gain-of-function (GOF) mutations 
were initially implicated in causing autosomal-dominant CMC  
(16, 17) but have thereafter also been associated with the 
development of autoimmunity that can involve endocrine and 
non-endocrine tissues (16–19); beyond these common clinical 
features between APECED and STAT1 GOF mutations, patients 
with STAT1 GOF mutations also develop a broad-spectrum of 
infectious, inflammatory, and vascular manifestations not seen 
in APECED (19). These STAT1 mutations are considered GOF 
because of enhanced phosphorylated STAT1 molecules upon 
interferon (IFN)-γ stimulation (17, 20). Impaired production of 
Th17 cytokines by T-cells has been implicated in the pathogenesis 
of CMC in these patients (17, 19, 20).

Due to the overlap in CMC and other clinical features 
between patients with APECED and STAT1 GOF mutations, 
and because AIRE interacts functionally with a protein inhibitor 
of activated STAT1 (PIAS1), which inhibits STAT1 activation  
(21, 22), we aimed to study STAT1 protein level and phospho-
rylation upon IFN-γ stimulation in patients with AIRE mutations 
and determine whether human AIRE deficiency phenocopies the 
cell-intrinsic enhanced STAT1 levels seen in patients with STAT1 
GOF mutations.

MaTerials anD MeThODs

study Participants
Eight APECED patients were enrolled (2015–2017) on a NIAID 
IRB-approved protocol and provided written informed consent. 
All eight had a clinical diagnosis of APECED based on the 

development of any two manifestations within the classic triad 
of CMC, hypoparathyroidism, and adrenal insufficiency. The 
most common clinical manifestations among the eight APECED 
patients included CMC (88%), hypoparathyroidism (100%), 
adrenal insufficiency (88%), and enamel hypoplasia (100%). The 
full list and frequencies of clinical manifestations of the eight 
APECED patients are outlined in Table 1. The most common 
AIRE mutant allele in these eight patients was c.967_979del13 
(60%), followed by c.769C>T (13%). Two patients were com-
pound heterozygous for c.967_979del13 and c.769C>T, while 
the remaining six patients had six different AIRE genotypes. 
Samples from a patient carrying the c.1057G>A E353K STAT1 
GOF mutation and a patient with the autosomal dominant form 
of IFN-γ receptor 1 deficiency carrying the 818del4 mutation 
were also collected under a NIAID IRB-approved protocol 
and provided written informed consent. Healthy volunteer 
blood samples from 13 individuals were obtained for STAT1 
protein evaluation and from 10 individuals for STAT1 mRNA 
level determination under IRB-approved protocols through 
the Department of Transfusion Medicine, at the NIH Clinical 
Center. The study was conducted in accordance with the Helsinki 
Declaration.

Peripheral blood Mononuclear cells 
(PbMc) isolation and intracellular staining 
for sTaT1 and psTaT1
STAT1 protein and pSTAT1 levels were examined using flow 
cytometry in paired APECED patients and healthy control 
individuals in seven independent experiments at rest and up 
to 60  min after IFN-γ stimulation. Each patient and healthy 
donor was evaluated only once. In six of the seven independent 
experiments, a single APECED patient was evaluated along with 
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two accompanying healthy donors, and in one experiment two 
APECED patients were evaluated together with one accompany-
ing healthy donor.

PBMC were isolated by density-gradient centrifugation using 
lymphocyte separation media (Lonza) and resuspended in RPMI 
culture media (Gibco), supplemented with pyruvate (100  mM, 
Sigma Aldrich), glutamate (200 mM, Life Technologies), penicil-
lin/streptomycin (100 U/100 μg/ml, Life Technologies), 10% fetal 
bovine serum (Serum Source International) and HEPES (20 mM, 
General Electric).

Intracellular phosphorylated STAT1 (pSTAT1) and total 
STAT1 were determined by FACS analysis, as previously 
described (18, 23). Freshly isolated PBMC were resuspended at 
106 cells per 100 µl in RPMI and were serum starved for 30 min, 
in polystyrene round-bottom tubes (Becton Dickinson Falcon). 
Cells were then incubated with FITC-conjugated anti-human 
CD14 (Becton Dickinson cat# 555397). Cells were then stimu-
lated with IFN-γ (800 U/ml) for 15, 30, or 60 min at 37°C, fixed 
with 2% Paraformaldehyde (Electron Microscopy Sciences) at 
37°C for 10 min, permeabilized with 100% methanol in dark on 
ice for 30 min, washed with PBS/2%FBS, and incubated for 1 h in 
the dark at 4°C with combinations of PerCP–Cy5.5-conjugated 
anti-human pSTAT1 (Y701) (Becton Dickinson cat# 560113) 
and Alexa Fluor 647-conjugated anti-human N-terminus STAT1 
(Becton Dickinson cat# 558560) with Fix and Perm Medium B 
(Life technologies). Alexa Fluor 647-conjugated IgG1 isotype con-
trol (Becton Dickinson cat# 557783) was used. Baseline pSTAT1 
levels were used as a control for the specificity of the PerCP–Cy5.5-
conjugated anti-human pSTAT1 antibody, by comparing between 
pSTAT1 levels as expressed in geometric mean of fluorescence-at 
rest and after stimulation. Samples were washed once with 
PBS/2%FBS and resuspended in 1% Paraformaldehyde. All data 
were collected with LSR Fortessa or LSRII (Becton Dickinson) 
and analyzed with FlowJo software (Treestar, Ashland, OR, USA).

iFn-α, iFn-ω, and iFn-γ autoantibody 
Detection
A particle-based multiplex assay was used to detect IFN-α,  
IFN-ω, and IFN-γ autoantibodies in the serum or plasma samples 
from the eight APECED patients and compared with healthy 
control subjects (n = 100) enrolled through the NIH Blood Bank, 
as previously described (24).

iFn-γ receptors 1 and 2 expression on 
Monocytes
Frozen PBMC from eight APECED patients and eight healthy 
donors were used for measuring IFN-γ receptors 1 and 2 levels on 
CD14+ monocytes. Cells were resuspended at 106 cells per 100 µl 
in PBS and incubated with LIVE/DEAD® Fixable Aqua Dead Cell 
Stain Kit (ThermoFisher) in 4°C followed by staining with FITC-
conjugated anti-human CD14 (Becton Dickinson cat# 555397), 
PE-conjugated anti CD119 (IFN-γ receptor 1; IFN-γR1; Becton 
Dickinson cat# 558937), or APC-conjugated anti-IFN-γ recep-
tor 2 (IFN-γR2; R&D cat# FAB773A) for 30 min. PE-conjugated 
IgG2b κ isotype control (Cat# 555058) and APC-conjugated 
IgG isotype control (R&D cat# IC108A) were used for control 

staining. Cells were then washed with PBS/2%FBS and fixed with 
1% PFA. Data were collected with LSRII (Becton Dickinson) and 
analyzed with FlowJo software (Treestar, Ashland, OR, USA). 
The geometric mean fluorescence intensity on monocytes for 
each receptor was calculated after subtracting the geometric 
mean fluorescence intensity of the corresponding isotype control 
staining.

sTaT1 mrna expression Determination
Frozen PBMC from the 8 APECED patients and 10 healthy donors 
were used for measuring STAT1 mRNA expression by quantitative 
PCR (qPCR). To determine the percent of live CD14+ monocytes 
within PBMC, an aliquot of the PBMC was incubated with LIVE/
DEAD® Fixable Violet Dead Cell Stain Kit (ThermoFisher) in 4°C 
followed by staining with FITC-conjugated anti-human CD14 
(Becton Dickinson cat# 555397). Data were collected with LSRII 
(Becton Dickinson) and analyzed with FlowJo software (Treestar, 
Ashland, OR, USA). Among the live PBMC, the mean percentage 
of CD14+ monocytes was similar in the patient and healthy donor 
groups: 7.2 ± 0.8 vs. 7.7 ± 1.7, respectively (p = 0.75). For mRNA 
extraction, the RNeasy kit (Qiagen) was used, according to the 
manufacturer’s instructions. To convert mRNA to cDNA, the high-
capacity cDNA reverse transcription kit (Applied Biosystems) was 
used. qPCR was then performed with TaqMan detection (TaqMan® 
Universal Master Mix II, with UNG; ThermoFisher), using the 
7,500 real-time PCR system (Applied Biosystems) and predesigned 
primer and probe mixes for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; ThermoFisher) or STAT1 (ThermoFisher). 
All qPCR assays were performed in duplicate and results were 
normalized to GAPDH transcript levels using the threshold cycle 
(Ct) method.

aire sequencing
Genomic DNA was extracted from whole blood, amplified and 
sequenced for AIRE exons and flanking splice sites as previously 
described (25).

statistical analysis
The geometric mean of fluorescence for pSTAT1 or STAT1 
protein levels was calculated using the FlowJo software and the 
values obtained from APECED patients were normalized to the 
values obtained from the same-day healthy control samples. All 
results were expressed as mean  ±  SEM unless otherwise indi-
cated. Statistical analyses were performed by Student’s t-test or 
Mann–Whitney U test, where appropriate, using the GraphPad 
Prism 7 software (La Jolla, CA, USA). A p value of less than 0.05 
was considered significant.

resUlTs

We enrolled eight APECED patients from eight non- 
consanguineous families with clinical and genetic diagnosis of 
APECED. Two (25%) were male and six (75%) were female. The 
mean patient age was 22 years (range, 9–56 years); 3 (38%) were 
children, with a mean age of 11 years. Thirteen healthy donors 
were enrolled for same-day harvesting and comparative analyses 
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FigUre 1 | Autoimmune regulator deficiency results in a decrease in STAT1 protein levels in human monocytes. (a) Representative depiction of pSTAT1 level at rest 
and up to 30 min after interferon (IFN)-γ stimulation in CD14+ cells of a STAT1 gain-of-function (GOF) patient (orange), an autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) patient (red), a patient with the autosomal dominant form of IFN-γR1 deficiency (black) and a healthy donor (blue)  
(b) Representative depiction of STAT1 protein level at rest and up to 30 min after IFN-γ stimulation in CD14+ cells of a STAT1 GOF patient (orange), an APECED 
patient (red), and a healthy donor (blue). Protein and phosphorylation levels are expressed in geometric mean of fluorescence (Geo. Mean), as measured by flow 
cytometry. STAT1 total protein (c) and pSTAT1 (D) levels in CD14+ cells of APECED patients (n = 8; red dots) and healthy donors (n = 13; blue dots) at rest (time 0) 
and up to 60 min after IFN-γ stimulation. Total protein and phosphorylation levels are expressed in % of the same-day control average values, for each time 
point—0, 15, 30, and 60 min, separately. (e) Area under the curve of CD14+ cells STAT1 phosphorylation vs. time in APECED patients (n = 8; red dots) and healthy 
donors (n = 13; blue dots). (F) STAT1 mRNA level, relative to glyceraldehyde-3-phosphate dehydrogenase, in peripheral blood mononuclear cells of healthy donors 
(n = 10) and APECED patients (n = 8) at rest. ns, not significant. *p < 0.05; **p < 0.01, by t-test. Quantitative data represent mean ± SEM.
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of STAT1 and pSTAT1 protein levels. A STAT1 GOF patient 
was tested as control for enhanced STAT1 protein and pSTAT1 
levels [patient 1 in Ref. (20)], and a patient with the autosomal 
dominant form of IFN-γR1 deficiency [patient described in the 
case report in Ref. (26)] was tested as control for absent IFN-γ-
induced pSTAT1 stimulation (Figures 1A,B).

We examined STAT1 protein and pSTAT1 levels in paired 
APECED patients and healthy control individuals, at rest and up 
to 60 min after IFN-γ stimulation. We focused on IFN-γ because 
it induces STAT1 phosphorylation and homo-dimerization with-
out the involvement of other STAT molecules as in the case of 
STAT1–STAT2 heterodimer formation induced by IFN-α stimu-
lation (27, 28). We also focused on CD14+ monocytes because 
of their relatively high levels of IFN-γ receptors 1 and 2, which 
allows for detection of rapid activation of STAT1 (29).

In all the eight tested APECED patients, STAT1 protein 
levels were lower than the same-day healthy donors mean levels 
(Figure 1C). The eight patients’ mean CD14+ monocyte STAT1 
protein level at rest was ~80% of that observed in healthy donors 
(p = 0.003). After IFN-γ stimulation, the significant decrease in 
CD14+ monocyte mean STAT1 protein level of APECED patients 
persisted at all examined time-points throughout the 60 min of 
the experiment (Figure 1C).

Consistent with previous reports (23), we found that pSTAT1 
induction peaked 15  min after IFN-γ stimulation and started 
to decline toward baseline at 30 min after stimulation in all 13 
healthy donor monocytes (Figure 1A). Similar kinetics of pSTAT1 
induction peak and decline were observed in all eight APECED 
patients (Figure 1A). APECED patient monocytes’ mean pSTAT1 
levels at rest were not significantly different compared to healthy 
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donor levels at rest (108.7 ± 9.2% vs. 100 ± 2.83%, respectively, 
p = 0.29; Figure 1D). However, the mean peak pSTAT1 level of 
the APECED patients was 20% decreased compared to that seen 
in healthy donors at 15 min (80 ± 4.5% vs. 100 ± 4.5%, respec-
tively. p = 0.008). Thereafter, at 30 min after IFN-γ stimulation, 
the patients’ mean pSTAT1 level was lower than healthy donors 
(87 ± 5.1% vs. 100 ± 3.9%, respectively), and the difference was 
close to statistical significance (p = 0.06), whereas at 60 min after 
IFN-γ stimulation the differences in pSTAT1 levels between 
the patients and healthy donors groups were not significant 
(91 ± 5.5% vs. 100 ± 4.3%, respectively, p = 0.25; Figure 1D).  
We also calculated the area under the curve (AUC) of STAT1 
phosphorylation (expressed as geometric mean of fluorescence) 
vs. time (expressed as minutes) for up to 60  min after IFN-γ 
stimulation in both groups and compared patient AUC level to the 
same-day healthy donor average. Consistent with the mean peak 
pSTAT1 values, APECED patients mean AUC levels were ~15% 
decreased relative to those seen in healthy controls (p = 0.025, 
Figure  1E). Because Th17  cells are decreased in peripheral 
blood of APECED [(3, 15), Lionakis, unpublished observations] 
and STAT1 GOF patients (17, 19, 20), our findings collectively 
indicate that the Th17 frequency decrease in AIRE deficiency is 
not caused by a STAT1 GOF state in peripheral blood monocytes.

Because among the eight APECED patients, seven different 
AIRE genotypes were observed, reflecting the greater genetic 
diversity of APECED in North America (25), we were not able 
to examine whether there is a correlation between specific AIRE 
mutations and the degree of pSTAT1 and total STAT1 levels in 
AIRE-deficient monocytes.

Given the decreased STAT1 protein levels seen in APECED 
patients, we asked whether STAT1 is also decreased at the mRNA 
level in APECED patients. Thus, we compared STAT1 mRNA 
levels by qPCR in PBMC of 8 APECED patients and 10 healthy 
donors and found them to be similar (p = 0.32) (Figure 1F).

Because APECED patients are known to have autoantibodies 
against cytokines, we examined whether autoantibodies to type 
I IFNs or IFN-γ were present in the serum of the eight APECED 
patients, which could potentially affect the levels of pSTAT1 in the 
patients group, after IFN-γ stimulation. All eight tested patients 
had autoantibodies to IFN-α and IFN-ω, while no patient had 
autoantibodies to IFN-γ (Figure 2A).

Given the decreased peak pSTAT1 level after IFN-γ stimula-
tion in AIRE-deficient monocytes, we also asked whether the 
surface expression of IFN-γ receptors 1 and 2 is decreased in the 
monocytes of the eight APECED patients using flow cytometry. 
We found no difference in the expression of IFN-γR1 between 
healthy donor and APECED monocytes but a significant ~40% 
decrease in surface expression of IFN-γR2 in patient monocytes 
(mean fluorescence intensity 186.4  ±  14.61 vs. 117.3  ±  10.68, 
p = 0.002, respectively, Figure 2B).

DiscUssiOn

Because of the similarities in clinical presentation of CMC and 
autoimmunity and decreased peripheral blood Th17 frequencies 
between patients with APECED and STAT1 GOF mutations, 
our study examined STAT1 protein and phosphorylation levels 

in patients with APECED and shows that APECED patient 
monocytes do not share the same cell-intrinsic increase in STAT1 
protein and phosphorylation levels as cells from patients with 
STAT1 GOF mutations. In fact, our findings reveal a moderate 
but consistent and significant decrease in STAT1 protein and 
phosphorylation levels in APECED CD14+ monocytes at rest and 
after IFN-γ stimulation.

Until recently, it had been postulated that impaired nuclear 
dephosphorylation is the underlying cause of increase in pSTAT1  
levels in patients with STAT1 GOF mutations (17, 19, 20). 
Nonetheless, recent reports have described normal dephospho-
rylation rates in some patients with a STAT1 GOF mutations; 
for example, Sobh et  al. (30), Meesilpavikkai et  al. (31), and 
Weinacht et al. (32) described three new STAT1 GOF mutations 
in the SH2 (p.H629Y and p.V653I) and linker (p.E545K) domains 
with enhanced pSTAT1 levels but normal dephosphorylation.  
In addition, Tabellini and colleagues recently reported high levels 
of STAT1 protein in NK cells from seven patients carrying five dif-
ferent CC or DNA binding (DB) domain STAT1 GOF mutations 
(23). Similarly, high STAT1 protein levels were found in CD14+ 
monocytes and CD3+ T cells of 12 patients with 10 different CC, 
DB, or SH2 domain STAT1 GOF mutations (Zimmerman and 
Holland, submitted manuscript). After controlling the STAT1 GOF 
patients’ pSTAT1 levels for the corresponding total STAT1 protein 
levels, STAT1 phosphorylation levels were normal (Zimmerman 
and Holland, submitted manuscript). These findings collectively 
support the hypothesis that high resting and IFN-γ-stimulated 
total STAT1 protein levels may serve as a background against 
which high pSTAT1 levels occur in some patients with STAT1 
GOF mutations. Alternatively, the pSTAT1 levels may not directly 
correlate with total STAT1 levels, as indicated in other reports 
(33). Future studies using more STAT1 GOF and STAT1 loss-of-
function (LOF) patients will be needed to determine the temporal 
dynamics and correlation of total and pSTAT1 molecules.

In our study, based on the presence of CMC and other shared 
clinical features between APECED and STAT1 GOF mutation 
patients, we tested the hypothesis that AIRE deficiency enhances 
STAT1 cellular responses as a result of enhanced STAT1 protein 
and phosphorylation levels. Instead, we found a ~20% decrease in 
STAT1 protein and peak pSTAT1 levels in APECED patients; the 
decrease in total STAT1 levels could indicate that the decreased 
STAT1 protein level may be a determining factor for the decreased 
peak STAT1 phosphorylation levels observed in APECED CD14+ 
monocytes, although it could be accounted for by alternative fac-
tors that remain to be elucidated.

The molecular mechanism behind our finding is currently 
unknown. One possible explanation could have been that AIRE 
is involved in the regulation of STAT1 transcription; however, we 
found no significant difference in STAT1 mRNA levels between 
healthy donor and APECED PMBCs. Alternatively, AIRE may 
regulate STAT1 post-transcriptionally at the level of degrada-
tion or SUMOylation or other process directly or indirectly via 
known (e.g., PIAS1) or yet-unknown protein partners (21, 22). 
Alternatively, APECED patient autoantibodies against type I IFNs, 
which have been shown to exhibit the ability to neutralize and 
block IFN-α activity, STAT1 phosphorylation, and the expression 
of interferon-stimulated genes (34, 35), may adversely affect tonic 
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FigUre 2 | The decrease in STAT1 protein and pSTAT1 levels seen in autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) patients 
correlates with lower monocyte interferon (IFN)-γR2 receptor expression and the presence of type I IFN autoantibodies. (a) Sera from 8 APECED patients and 100 
healthy donors were evaluated for the presence of autoantibodies against IFN-γ, IFN-α, and IFN-ω. Shown is autoantibody immunoreactivity against the indicated 
cytokines expressed as fluorescence intensity using a particle-based multiplex assay. (b) IFN-γ receptor 1 and 2 levels were measured in CD14+ monocytes of 
healthy donors (n = 8) and APECED patients (n = 8). Summary data on mean fluorescence intensity and representative histogram FACS plots are shown. 
**p < 0.01; ****p < 0.0001, by Mann–Whitney U test (a) or t-test (b). Quantitative data represent median ± SEM.
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STAT1 expression in blood monocytes. The decrease in IFN-γR2 
expression on CD14+ monocytes may be a contributor to the 
decreased peak pSTAT1 levels in APECED patients’ cells. Future 
studies will be required to further examine this hypothesis as well 
as molecules and functional responses downstream of STAT1.

Impaired STAT1-dependent responses in patients with LOF 
STAT1 mutations or in patients with defects in the IFN-γ receptor 
signaling axis, underlie Mendelian susceptibility to mycobacterial 
disease (36). The defect in STAT1 levels post-IFN-γ stimulation 

that we observed in our APECED patients is modest relative 
to the complete absence of STAT1 phosphorylation following 
IFN-γ stimulation in patients with IFN-γ receptor deficiency  
[(23); Figure 1A]. Therefore, significant residual STAT1 signaling 
is functional in APECED patients to prevent the development of 
mycobacterial infections in these patients. Whether the decrease 
in STAT1 protein and phosphorylation that we identified is a 
contributing factor to the development of viral infections in some 
APECED patients [(37); Lionakis, unpublished observations] 
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remains to be elucidated. However, the decrease in STAT1 levels 
is unlikely to contribute to the pathogenesis of CMC as patients 
with defects in the IFN-γ receptor signaling axis do not have Th17 
defects and do not develop CMC (36). Hence, at this point, the 
biological and clinical implications of the decreased STAT1 levels 
in patients’ monocytes are unclear.

In summary, we describe an association between AIRE 
deficiency and a decrease in STAT1 protein level in primary 
human monocytes that is not accompanied by decreased STAT1 
mRNA levels but correlates with the presence of type I IFN 
autoantibodies and decreased monocyte surface expression of 
IFN-γR2. The mechanism behind this finding and its clinical 
and biological implications in APECED patients require further  
investigation.

eThics sTaTeMenT

Eight APECED patients were enrolled (2015–2017) on a NIAID 
IRB-approved protocol and provided written informed consent.  
Samples from a patient carrying the c.1057G>A E353K STAT1 
GOF mutation and a patient with the autosomal dominant form 
of IFN-γ receptor 1 deficiency carrying the 818del4 mutation were 
also collected under a NIAID IRB-approved protocol and provided 
written informed consent. Healthy volunteer blood samples from 

13 individuals were obtained for STAT1 protein evaluation and 
from 10 individuals for STAT1 mRNA level determination under 
IRB-approved protocols through the Department of Transfusion 
Medicine, at the NIH Clinical Center. The study was conducted in 
accordance with the Helsinki Declaration.
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Fungal biofilms are communities of adherent cells surrounded by an extracellular matrix. 
These biofilms are commonly found during infection caused by a variety of fungal patho-
gens. Clinically, biofilm infections can be extremely difficult to eradicate due to their resis-
tance to antifungals and host defenses. Biofilm formation can protect fungal pathogens 
from many aspects of the innate immune system, including killing by neutrophils and 
monocytes. Altered immune recognition during this phase of growth is also evident by 
changes in the cytokine profiles of monocytes and macrophages exposed to biofilm. In 
this manuscript, we review the host response to fungal biofilms, focusing on how these 
structures are recognized by the innate immune system. Biofilms formed by Candida, 
Aspergillus, and Cryptococcus have received the most attention and are highlighted. We 
describe common themes involved in the resilience of fungal biofilms to host immunity 
and give examples of biofilm defenses that are pathogen-specific.

Keywords: biofilm, matrix, fungi, neutrophil extracellular trap, innate immunity, neutrophil, Aspergillus, Candida

iNTRODUCTiON

Fungi frequently flourish as biofilms, which are aggregated communities encased in a protective 
extracellular matrix (1, 2). Many clinically relevant fungi have been shown to form biofilms, such as 
Candida spp., Aspergillus spp., Cryptococcus neoformans, Fusarium spp., Blastoschizomyces capitatus, 
Malassezia pachydermatis, Pneumocystis spp., Trichosporon asahii, Rhizopus spp., and Rhizomucor 
spp (3–13). In the clinical setting, fungal biofilms can propagate on artificial medical devices, such 
as catheters, as well as on epithelial and endothelial surfaces (3, 14–19) (Figure 1A). In addition, 
during invasive infection, fungal pathogens can proliferate as non-surface associated microcolonies 
embedded in extracellular matrix (18) (Figure 1B). Biofilms resist antifungal therapies and host 
defenses, making them notoriously difficult to eradicate (4, 20–36). One defining trait of biofilm 
formation is the production of a microbial-produced extracellular matrix, or the “glue” necessary 
for adhesion, which also serves as a shield that creates protected reservoirs of infection (4, 5, 20,  
33, 37). As investigations reveal the complex composition of the extracellular matrix for several 
fungal pathogens, it has become increasing clear that this material is distinct from the cell wall (4, 5, 
18, 38–41). Therefore, biofilm growth provides a means to present unique moieties and conceal cell 
wall ligands. Studies are just beginning to shed light on how biofilm formation and matrix produc-
tion influence host recognition (5, 15, 27, 29–32, 42–50). In this review, we examine the innate 
immune response to fungal biofilms, highlighting how production of the extracellular matrix alters 
immunity. While a variety of fungal pathogens have been shown to produce biofilms, investigations 
examining host interactions have primarily utilized model pathogens Candida albicans, Aspergillus 
fumigatus, and C. neoformans, which will be the focus of our discussion.
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FigURe 2 | Candida albicans biofilm formation and innate immune response. 
(A) Scanning electron microscopy images reveal C. albicans biofilms grown 
on coverslips. Biofilms were grown for 48 h. Measurement bars represent 10 
and 1 µm for 2,500× and 30,000×, respectively. (B) Summary of innate 
immune responses impaired by C. albicans biofilms.

FigURe 1 | In vivo fungal biofilms. (A) Candida albicans biofilm growing on 
the luminal surface of a rat venous catheter for 24 h. Scanning electron 
microscopy reveals adherent organisms growing within in an extracellular 
matrix. (B) Immunohistochemistry of pulmonary tissue from an 
immunocompromised mouse infected with Aspergillus fumigatus and stained 
with an anti-galactosaminogalactan antibody. Brown indicates accumulation 
of galactosaminogalactan-containing biofilm matrix surrounding hyphae 
growing within pulmonary tissues.
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Candida BiOFiLMS

Biofilm Formation
Candida spp., commensal fungi of the gastrointestinal tract, can 
cause severe, disseminated disease with high mortality, particu-
larly in patients with implanted medical devices or compromised 
immune systems (17, 51–57). The vast majority of these infec-
tions involve biofilm formation on either an artificial or a biotic 
surface (13, 58, 59) (Figure 2). Clinical Candida biofilms grow 

on diverse medical devices, including central venous catheters, 
urinary catheters, prosthetic valves, left ventricular assist devices, 
and oral devices, such as dentures (3, 60). Both vaginal and oral 
mucosal surfaces promote biofilm formation as well (16, 61). The 
majority of the in vitro and in vivo biofilm studies have utilized 
C. albicans, the most widespread species. However, non-albicans 
species, including Candida tropicalis, Candida parapsilosis, and 
Candida glabrata, similarly produce clinically relevant biofilms 
(3, 62–68). In addition, this virulence trait has been described 
for the emerging pathogen Candida auris (69). Candida biofilm 
formation involves the adherence of yeast to a substrate, the 
proliferation of cells to form a fungal community, and the pro-
duction of an extracellular matrix (37, 70–72). C. albicans biofilm 
development often involves the production of hyphae, although 
the degree of filamentation varies among strains and niches. 
Non-albicans strains lacking the ability to filament produce bio-
films composed of layers of yeast embedded in an extracellular 
matrix (73).

Matrix Composition
Upon encounter with biofilm, immune cells are first confronted 
with the extracellular matrix covering the fungal cells. A com-
bination of both in vitro and in vivo models has been integral 
for the dissection of Candida biofilm matrix assembly and 
composition (20, 22, 39, 40, 58, 67, 70, 74–79). For C. albicans, 
in  vitro studies have revealed that the mature biofilm matrix 
consists of a variety of macromolecules, including protein 
(55%), carbohydrate (25%), lipid (15%), and DNA (5%) (23, 
38, 40, 80). Interestingly, many of the matrix components vastly 
differ from the cell wall components that would be initially 
recognized by immune cells in the absence of biofilm (40). 
For example, the main polysaccharide of C. albicans biofilm 
matrix is α-1,2-branched α-1,6 mannan, which is found in high 
molecular weight structures of approximately 12,000 residues. 
In contrast, mannans of the outer cell wall layer are 5- to 10-fold 
smaller. Furthermore, the matrix mannans associate with β-1,6 
glucans, forming a mannan–glucan complex that assembles 
extracellularly, and this structure has not been identified in 
the cell wall of C. albicans (40, 75). In addition, matrix β-1,6 
glucan exists in a linear conformation, while the β-1,6 glucan 
of the cell wall is highly branched (81). Proteomic analysis 
of in  vitro biofilms shows some similarities between matrix-
associated proteins and those released into the media during 
planktonic growth (79). However, the extracellular matrix lacks 
many of the proteins associated with the cell wall (40, 82). In 
vivo, host proteins contribute to the construction of biofilm, 
with an astonishing majority (>95%) of the matrix-associated 
proteins of host origin (76). This finding demonstrates variation 
in the content of fungal biofilm matrix in vivo and highlights 
the importance of including animal models for investigation of 
Candida biofilms.

Neutrophil–Candida Biofilm interactions
Neutrophils are primary responders to C. albicans infection, with 
neutropenic patients prone to severe, lethal candidiasis (83–86). 
Neutrophils respond to chemokines and other signals during 
recruitment to the site of infection. Upon pathogen encounter, 
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neutrophils elicit various responses important for control of 
infection, including phagocytosis, degranulation, reactive oxy-
gen species (ROS) production, and neutrophil extracellular trap 
(NET) release (87). In the context of C. albicans biofilms, neutro-
phils are the primary leukocyte recruited to the site of infection 
(15, 76, 88–90). In fact, neutrophil recruitment has been observed 
in animal models mimicking diverse clinical biofilms, includ-
ing catheter-related infections (vascular and urinary), denture 
stomatitis, oral candidiasis, and vaginal candidiasis (15, 76, 91). 
Despite their presence at the site of infection, neutrophils fail to 
eradicate Candida biofilms. Pioneering studies with human neu-
trophils revealed that C. albicans biofilms resist neutrophil attack, 
in comparison to their planktonic counterparts (29, 30). Intact 
biofilm structure is required for this resistance, as resuspension 
of the biofilm cells reverses the phenotype (29). Furthermore, 
biofilm impairment of neutrophils is robust, persisting despite 
neutrophil priming by IFN-γ or G-CSF (92).

The ability of Candida biofilms to withstand immune attack 
appears to vary by strain and species. For C. albicans, biofilms 
are approximately twofold to fivefold more resistant to killing 
when compared to planktonic cells (29–31, 92). Investigation 
of C. parapsilosis found a similar trend, but did not identify a 
significant difference in susceptibility to neutrophils between 
biofilms and planktonic organisms (43, 93). The lack of 
statistical significance was attributed to the heterogeneity of 
biofilm formation, resulting in high assay variability. A recent 
investigation found C. glabrata biofilms also resist neutrophil 
killing, exhibiting a threefold higher resistance for biofilm over 
planktonic organisms (45).

For killing and containment of C. albicans, neutrophils release 
NETs, which are structures of DNA, histones, and antimicrobial 
proteins (94, 95). These structures are particularly well-suited to 
combat large organisms, such as hyphae, which are unable to be 
ingested by phagocytosis (95). As C. albicans biofilms consist of 
aggregated cells and hyphal elements, NETosis would seemingly 
be an efficient method of attack. However, a recent study has 
revealed that neutrophils fail to release NETs in the presence of 
C. albicans biofilms (31). This phenomenon is conserved across 
a variety of C. albicans strains exhibiting differing degrees of fila-
mentation and biofilm architecture (44). This inhibitory pathway 
appears to be closely linked to the production of an extracellular 
matrix, as physical or genetic disruption of this process restores 
NET release (31). Remarkably, when neutrophils are induced 
to generate NETs prior to biofilms exposure, biofilm inhibition 
is observed (31). This suggests that inhibition of NETosis is an 
adaptation by C. albicans biofilms to prevent killing by neutro-
phils. Other species appear to employ this mechanism as well. For 
example, C. glabrata biofilms also impair NET release, although 
the inhibition is not as pronounced (45).

Recent studies have begun to shed light on the planktonic  
C. albicans cell surface components that induce NET release. The 
process appears to be multifactorial, as β-glucan, mannan, and 
secreted aspartic proteases all variably trigger NETosis (93, 96, 97).  
NET inhibition by biofilm likely involves concealment of cell 
surface ligands by the extracellular matrix, as disruption of this 
process permits NET release (31). In particular, disruption of the 
matrix mannan–glucan complex in a pmr1Δ/Δ mutant strain 

reverses the NET inhibition phenotype, suggesting a role for this 
unique polysaccharide complex (31, 75). In addition, studies by 
Zawrotniak et al. show that NET induction by cell wall mannan 
is concentration-dependent, with higher concentrations failing 
to trigger NETosis in vitro (97). Further investigation would be 
of interest to explore a similar pattern for polysaccharides of the 
biofilm matrix in NET inhibition.

Upon encounter with C. albicans biofilms, the generation 
of ROS by neutrophils is dampened compared to the response 
observed for planktonic organisms (30, 31, 44). Multiple path-
ways govern NET release and a subset of these depend on ROS 
production (96, 98–103). In response to planktonic C. albicans, 
both ROS-dependent and ROS-independent pathways trigger 
NETosis, which may not be surprising given the numerous cell 
surface ligands expected to be involved (96, 97, 103). While 
further investigation is needed to dissect pathways impairing 
neutrophil function by biofilms, inhibition of ROS production 
is likely involved. A study of C. glabrata–neutrophil interactions 
demonstrates a similar neutrophil response, with reduced ROS 
production upon encounter with biofilm (45). Taken together, 
these studies show that C. albicans biofilms inhibit the release of 
NETs and resist killing by neutrophils. The pathway appears to 
involve the production of an extracellular matrix and dampening 
of neutrophil ROS production. Based on studies with C. glabrata, 
it may be conserved, in part, among Candida spp.

Monocytes and Macrophages interactions 
with Candida Biofilms
Chandra et  al. first demonstrated that Candida biofilms resist 
attack by monocytes and can alter their cytokine profile (42). 
Peripheral blood mononuclear cells (PBMCs) fail to phagocytose 
biofilm-associated C. albicans, in contrast to planktonic organ-
isms (42). However, these cells remain viable, migrating within 
the biofilm, even providing a stimulus for biofilm proliferation 
through an unknown mechanism (29, 42). Compared to plank-
tonic organisms, C. albicans biofilms are twofold to threefold 
more resistant to killing by monocytes (29).

Encounter with Candida biofilms influences cytokine release 
by mononuclear cells. One of the more intriguing alterations 
is the downregulation of TNF-α, a cytokine which facilitates 
phagocyte activation. Compared to planktonic organisms, 
exposure to C. albicans biofilms significantly diminishes the 
production of TNF-α by monocytic cell line THP-1 (29). Not 
only is this predicted to impact phagocyte function in the host 
but the alteration in production of TNF-α may also have a direct 
impact on the biofilm. Application of exogenous TNF-α has 
been shown to prevent C. albicans biofilm formation, through 
a TNF receptor-independent pathway (104). Furthermore, 
this activity is blocked by preincubation of TNF-α with 
N,N′-diacetylchitobiose, a major carbohydrate component of 
C. albicans cell wall (104). Therefore, inhibition of TNF-α by 
biofilms may represent an evolutionary adaption and mecha-
nism of immune evasion. However, much remains a mystery 
about how the cytokine response influences the host response 
to biofilm infection. For example, when compared to planktonic 
cells, PBMCs exposed to C. albicans biofilms produce elevated 
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FigURe 3 | Aspergillus fumigatus biofilm formation and innate immune 
response. (A) Scanning electron microscopy images reveal A. fumigatus 
biofilms grown on coverslips. Biofilms were grown for 24 h. Measurement 
bars represent 10 and 1 µm for 2,500× and 30,000×, respectively.  
(B) Summary of innate immune responses impaired by A. fumigatus biofilms.
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levels of IL-1β, IL-10, and MCP-1 and reduced levels of IL-6 
and MIP1β (42). How these combinations of both pro- and 
anti-inflammatory cytokines are triggered and their influence 
on host response to biofilm infection is unknown.

Recent work by Alonso et  al. revealed that formation of  
C. albicans biofilm impairs the migratory capacity of mac-
rophages (105). Upon exposure to biofilm, the migration of 
murine macrophages (J774.1 cell line) is reduced approximately 
twofold when compared to encounter with planktonic organisms.  
A pmr1Δ/Δ mutant similarly impaired macrophage migration 
during biofilm growth. As this biofilm is deficient in matrix 
mannan production, the macrophage inhibition is likely related 
to another factor, such as physical structure (75, 105). Therefore, 
Candida biofilms may elicit distinct inhibitory pathways for 
neutrophils and macrophages (31, 105).

Aspergillus BiOFiLMS

Biofilm Formation
Aspergillus spp. grow ubiquitously in the environment and indi-
viduals are constantly exposed to their spores, which are released 
into the air (106). Immunocompetent individuals clear these 
spores after inhalation, but those with impaired immunity are at 
risk for development of severe disease. Aspergillus spp. can cause a 
variety of clinical diseases, including invasive, chronic, and aller-
gic forms (106). The chronic form of disease typically involves 
formation of an aspergilloma, or fungal ball, in the sinus or lung 
cavity. These dense structures consist of agglutinated hyphae with 
occasional conidial heads growing as a biofilm encased in an 
adhesive extracellular matrix (18) (Figure 3). As the community 
matures, the inner cells loose viability, likely due to starvation. 
A. fumigatus also produces extracellular matrix material during 
invasive pulmonary aspergillosis (18). However, during this 
mode of growth, the hyphae remain separated without an inner 
core of decaying fungal mass. In vitro, A. fumigatus forms biofilms 
on agar medium in aerial, static conditions that mimic the host 
niches for aspergilloma formation (4).

Matrix Production
Aspergillus fumigatus produces a unique extracellular matrix 
during biofilm growth in  vitro and in  vivo (4, 18, 107). By 
biochemical analysis, this material consists of 40% protein, 
43% carbohydrates, 14% lipids, and 3% aromatic-containing 
compounds, as well as DNA (108–110). The polysaccharides of 
the extracellular matrix exhibit cohesion properties and provide 
immune protection. The main matrix polysaccharides include 
galactomannan and galactosaminogalactan (GAG), of which, 
GAG has received the most attention (18). A. fumigatus strains 
deficient in GAG production lack the capacity to form biofilms 
or produce extracellular matrix (47). GAG is an α-1,4-linked 
linear heteroglycan composed of variable combinations of galac-
tose and N-acetyl-galactosamine (GalNAc) (111, 112). GalNAc 
residues within the GAG polymer are partially deacetyated by 
the secreted enzyme Agd3, rendering mature GAG polycationic 
(113). Deacetylation is required for GAG to mediate adhesion 
between hyphae and other anionic surfaces such as host cells, 

plastic, and glass (113). GAG production has also been reported 
for other Aspergillus spp., including Aspergillus parasiticus, 
Aspergillus niger, and Aspergillus nidulans, although the relative 
proportion of galactose and GalNAc varies between strains and 
likely influences matrix function as detailed below (114–117). 
While galactomannan and GAG are universally present in A. 
fumigatus matrix, key differences exist between the clinical 
niche biofilms. For example, aspergilloma biofilms produce a 
thicker extracellular matrix, which contains α-glucan, a polysac-
charide absent in biofilms formed during invasive aspergillosis 
(18). Aspergilloma biofilms also produce melanin, an immune 
modulator (4, 18, 33, 118). However, its specific role during 
biofilm formation is unknown.

innate immunity to Aspergillus Biofilms
Neutrophils are key players in the innate immune defense 
against Aspergillus. Neutropenia, often in the face of chemo-
therapy or hematologic malignancy, places patients at high risk 
factor for invasive pulmonary aspergillosis, which can progress 
to disseminated lethal disease (119, 120). Neutrophils are 
recruited to Aspergillus spores in vivo and are critical for their 
engulfment through phagocytosis (121–123). Neutrophils also 
release NETs in response to hyphal elements (46, 124–126). 
While NETs lack significant activity against conidia, they 
exhibit modest inhibitory activity against the larger hyphal 
forms of A. fumigatus (46, 126). Production of an extracellular 
matrix shields A. fumigatus from neutrophil attack and much of 
this protection is attributed to GAG (32). A. fumigatus mutants 
deficient in GAG synthesis or deacetylation exhibit attenuated 
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virulence (47, 113), and treatment with recombinant glycoside 
hydrolases that degrade GAG reduces fungal growth in a 
murine model of aspergillosis (127).

Studies of differences in GAG composition between A. fumiga
tus and A. nidulans have suggested that protection against neutro-
phil attack is mediated by hyphal-associated GalNAc-rich GAG 
(32). Unlike A. fumigatus, A. nidulans produces GalNAc-poor 
GAG, which contains over fivefold higher levels of galactose and 
produces poorly adherent biofilms containing minimal extracel-
lular matrix. A. nidulans is also less virulent in a murine model of 
pulmonary aspergillosis and more than twofold more susceptible 
to killing by human neutrophils. Heterologous expression of 
the A. fumigatus uge3 gene encoding a GalNAc-epimerase in  
A. nidulans results in the production of A. fumigatus-like GalNAc-
rich GAG (32). Unlike wild-type A. nidulans, the GalNAc-rich 
GAG-producing strain of A. nidulans forms biofilm, produces 
extracellular matrix, and resists killing by neutrophils. The pro-
tective effects of GAG are dependent on NADPH oxidase and 
likely involve defense against NETs released through activation 
of this pathway. It has been hypothesized that GAG-mediated 
protection against NETs is mediated by electrostatic repulsion 
between this partially deacetylated cationic polysaccharide and 
cationic antimicrobial peptides or histones contained within 
NETs (32).

The immunomodulatory effects of GAG during biofilm for-
mation are likely multifactorial. Hyphal-associated GAG masks 
β-glucans on the cell wall of hyphae (47, 128) and alters recogni-
tion by murine bone marrow-derived dendritic cells in  vitro 
(47). Genetic disruption of GAG synthesis leads to increased 
pro-inflammatory cytokine release through Dectin-1 signaling 
(47). In a non-neutropenic murine model of pulmonary aspergil-
losis, genetic disruption of GAG synthesis results in production 
of a non-protective, hyper-inflammatory response marked by 
increased neutrophil recruitment (47). This observation suggests 
that GAG impairs neutrophil recruitment during biofilm growth 
and is consistent with the reports that soluble GAG can modulate 
immunity through induction of apoptosis in neutrophils and 
stimulation of anti-inflammatory IL-1Ra production by mac-
rophages in vitro (49, 129). Further, in vivo studies are needed to 
evaluate the relative role of these functions of GAG in invasive 
and chronic Aspergillus infections.

Recent studies have begun to shed light on the mechanisms 
involved in NET release in response to fungi (32, 46, 93, 97, 
124–126, 130). Specific ligands triggering this response to 
Aspergillus remain largely unknown, and how the extracellular 
matrix may influence these pathways is of great interest. For 
example, NET production is reduced in response to resting 
conidia when compared to hyphae (46). This inhibition is linked 
to RodA, a hydrophobin on the surface of conidia that masks 
pathogen-associated molecular patterns, including β-glucan  
(46, 48). As transcriptional analysis shows abundance of RodA 
during A. fumigatus biofilm growth when compared to planktonic 
conditions, it is interesting to postulate a role for RodA produc-
tion in immune evasion during biofilm growth (131). Also, as 
melanin production has been described for some Aspergillus 
biofilms, investigation of a role for this immune modulator is also 
intriguing (4, 18, 33, 118).

Cryptococcus BiOFiLMS

Biofilm Formation
Cryptococcus spp. are opportunistic environmental fungal patho-
gens that cause life-threatening meningoencephalitis, particularly 
in patients with suppressed immunity in the setting of HIV or 
organ transplantation (132). Following inhalation of spores from 
the environment, C. neoformans disseminates from the lungs, with 
a propensity for the central nervous system. C. neoformans also 
exhibits a predilection for artificial surfaces and forms biofilms on 
medical devices, such as cerebrospinal fluid shunts, vascular cath-
eters, and prosthetic dialysis fistulae (133–136). These adherent 
communities are composed of yeast encased in an extracellular 
matrix (5, 41, 137). In vitro, C. neoformans biofilms mature in 
24–48 h and display a multiple-drug-resistance phenotype (5).

Matrix Production
Cryptococcus neoformans produces a protective polysaccharide 
capsule composed of glucuronoxylomannan (GXM), galactoxy-
lomannan, and mannoprotein (137, 138). During biofilm growth, 
these capsular polysaccharides are shed into the surrounding 
milieu, ultimately providing extracellular matrix material for sur-
face adhesion and cell–cell cohesion (5). Acapsular C. neoformans  
mutants are unable to form biofilms (5). Martinez and Casadevall 
identified GXM as the principle polysaccharide of the C. neofor
mans biofilm matrix (41). This polysaccharide has received the 
most attention due to its immunomodulatory properties and 
high abundance in the biofilm matrix (5, 138–141). However, 
biochemical analysis also shows the presence of sugars not found 
in GXM, suggesting that the biofilm matrix contains additional 
polysaccharides (41). Little is known about the structure of 
these polysaccharides and how they may influence immunity to 
Cryptococcus biofilms.

innate immunity to Cryptococcus Biofilms
While studies have begun to dissect the impact of biofilm for-
mation on immunity to Cryptococcus, much of this host–fungal 
interaction remains a mystery. Production of a GXM-rich extra-
cellular matrix appears to be the key defense against host immu-
nity. Genetic or antibody-mediated disruption of GXM impairs 
biofilm formation and diminishes virulence (5, 141). As a capsule 
polysaccharide, GXM is responsible for a multifaceted inhibition 
of neutrophil function, impeding chemotaxis, phagocytosis, NET 
production, and antifungal activity (138, 139, 142, 143). Similar 
mechanisms of diminished neutrophil function are anticipated in 
response to C. neoformans biofilms and may even be augmented 
given the high GXM content of biofilm matrix (41). Furthermore, 
capsular GXM can impair phagocytosis by monocytes and mac-
rophages (138). However, it is unknown if phagocytosis would 
be an effective response against Cryptococcus biofilms, given the 
large structure of cohesive, aggregated yeast (41).

In addition to the immunomodulatory activity of the extracel-
lular matrix, C. neoformans biofilms also resist antimicrobial host 
defenses. Compared to planktonic C. neoformans, biofilms tolerate 
higher concentrations of defensins, including PG-1, β-defensin-1, 
and β-defensin-3 (27). This resistance is even further augmented 
when biofilms are induced to produce melanin through l-Dopa 
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supplementation. Biofilm formation also protects C. neoformans 
from oxidative stress induced by a variety of stimuli (27). Taken 
together, these studies show that Cryptococcus biofilms withstand 
innate immunity through both immune modulation and resist-
ance to immune attack.

CONCLUSiON

Adoption of a biofilm lifestyle during fungal infection is increas-
ingly recognized as a mechanism to avoid host immune attack and 
provide a protective niche. In this environment, the extracellular 
matrix can shield the fungal cell wall from host cellular recogni-
tion, modulating the immune response. In addition, the extracel-
lular matrix can provide protection from antimicrobial defenses, 
such as defensins, oxidative stress, and NETs. Furthermore, 
biofilm formation produces an aggregated community that may 
resist engulfment by phagocytosis.

While it is clear that biofilm formation significantly influences 
immunity, studies are just beginning to shed light on the many 
mechanisms underlying this modulation of host response. As bio-
films are heterogeneous structures with variations in architecture 
and composition based on their environmental niche, mechanisms 
impairing immunity likely vary among clinical biofilms. Therefore, 
inclusion of conditions closely mimicking the host and animal 
models of biofilm infection remains critical for future studies. 

While recent studies have revealed the influence of biofilm forma-
tion on the innate immune response, still little is known about how 
these structures may modulate adaptive immunity.

Fungal biofilms are among the most difficult infections to treat 
due to their high tolerance of antifungals and immune evasion 
strategies. The incidence of fungal biofilm infections is likely to 
rise given the growing number of patients with artificial medical 
devices and immunocompromising conditions. Anti-biofilm 
therapies are urgently needed. Understanding the dynamics of 
biofilm formation, matrix production, and how these processes 
induce resistance to multiple facets of the innate immune system 
may lead to biofilm-specific antifungal strategies.
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The respiratory tract is a complex system that is inhabited by niche-specific communities

of microbes including bacteria, fungi, and viruses. These complex microbial assemblages

are in constant contact with the mucosal immune system and play a critical role in

airway health and immune homeostasis. Changes in the composition and diversity of

airway microbiota are frequently observed in patients with chronic inflammatory diseases

including chronic rhinosinusitis (CRS), cystic fibrosis, allergy, and asthma. While the

bacterial microbiome of the upper and lower airways has been the focus of many recent

studies, the contribution of fungal microbiota to inflammation is an emerging research

interest. Within the context of allergic airway disease, fungal products are important

allergens and fungi are potent inducers of inflammation. In addition, murine models have

provided experimental evidence that fungal microbiota in peripheral organs, notably the

gastrointestinal (GI) tract, influence pulmonary health. In this review, we explore the role

of the respiratory and GI microbial communities in chronic airway inflammatory disease

development with a specific focus on fungal microbiome interactions with the airway

immune system and fungal-bacterial interactions that likely contribute to inflammatory

disease. These findings are discussed in the context of clinical and immunological

features of fungal-mediated disease in CRS, allergy, and asthmatic patients. While this

field is still nascent, emerging evidence suggests that dysbiotic fungal and bacterial

microbiota interact to drive or exacerbate chronic airway inflammatory disease.

Keywords: airway microbiome, airway fungal microbiome, mycobiome, host-microbiome interactions, bacterial-

fungal interactions, biofilm

INTRODUCTION

Microbial communities associated with host mucosal surfaces play essential and diverse roles in
biological processes from metabolism to immune regulation and homeostasis. In return, host
inflammatory responses can shape the microbial community by supporting the growth of some
microbes while inhibiting others (Kumamoto, 2016). Most studies of host-associated microbiota
in health and disease have focused on the bacterial microbiota, despite fungal diseases incurring
a substantial infectious disease burden (Huffnagle and Noverr, 2013). Because of this, relatively
little is known about the importance and function of the fungal microbiota (mycobiota). Recent
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advances in culture-independent sequencing approaches have
helped elucidate the fungal diversity, burden, and functions
associated with mucosal surfaces such as the human intestinal
tract, oral cavity, skin, and respiratory tract.

In virtually every body habitat studied to date, niche-
specific microbial communities have been identified, including
the gastrointestinal and respiratory tracts (Human Microbiome
Project Consortium, 2012). Fungi live in host niches as
commensals and interact with bacteria and the host as members
of the healthy microbiome. While fungal microbiota are
numerically small, they are diverse, have large genomes, and
potentially act as important keystone species in the microbiome
(Huffnagle and Noverr, 2013). Studies have shown that
disrupting commensal fungi can affect both local and peripheral
immune responses and enhance disease states. In addition,
members of the mycobiome can switch from commensalism
to pathogenicity, often dependent upon co-colonizing microbial
taxa (Cohen et al., 1969; Peleg et al., 2010). Recent studies suggest
a role for airway microbial communities in maintaining airway
health (Abreu et al., 2012). In this perspective, we focus on the
potential role of fungal interactions with the host and bacterial
co-colonizers chronic rhinosinusitis (CRS) and lower airway
comorbidities.

RESPIRATORY TRACT PHYSIOLOGY

Like the GI tract (Jeraldo et al., 2012), the respiratory tract
is composed of distinct environments that vary according to
mucosal architecture and immune responses. Reflective of this,
the microbial communities that inhabit the respiratory tract
exhibit niche specificity; compositionally distinct communities
exist between the nares, sinuses, oral cavity, oropharynx and
lower airway in healthy individuals (Lemon et al., 2010; Bassis
et al., 2015). The sinonasal cavity, nasopharynx, and trachea are
lined with a pseudostratified columnar ciliated epithelium and
mucus-producing goblet cells. Lung bronchi and bronchioles
are covered by stratified columnar ciliated epithelia and few
goblet cells. Mucus secretion and immune effector molecules
protect the host from insults by trapping and removing inhaled
pathogens and irritants, a process orchestrated by ciliary beating
(Cohen, 2006). Airway epithelial cells express pattern recognition
receptors (PRRs), including toll-like receptors (TLR) and non-
TLR PRRs such as Dectin-1, that can recognize and respond to
components of microorganisms (Ryu et al., 2013; Liu et al., 2015).

CHRONIC INFLAMMATORY DISEASES OF
THE UPPER AND LOWER AIRWAYS

Chronic airway inflammatory diseases including asthma,
rhinosinusitis, and rhinitis are substantial health problems
resulting in significant healthcare expenditures. Chronic
rhinosinusitis (CRS) alone affects approximately 15% of the
adult population annually; recent estimates suggest that costs
associated with CRS exceed $65 billion each year accounting
for 5% of the US healthcare budget (Caulley et al., 2015).
Several epidemiological studies suggest that concomitant upper

and lower airway disease result from shared pathophysiologic
mechanisms (Passalacqua et al., 2001; Ciprandi et al., 2012; Licari
et al., 2014).

CRS is clinically defined by duration of symptoms and
endoscopic or radiographic evidence of sinus inflammation.
Multiple subtypes of CRS have been described based on
clinical (Akdis et al., 2013; Orlandi et al., 2016), immunological
(Tomassen et al., 2016) and microbiological (Cope et al., 2017)
heterogeneity. The role of fungi in the pathophysiology of CRS
has long been controversial. While some authors argued that
fungi drove inflammation in nearly all CRS patients (Ponikau
et al., 2000), this finding has been recently disputed (Orlandi and
Marple, 2010; Fokkens et al., 2012). Fungi clearly play a central
role in several discrete subtypes of CRS, such as allergic fungal
sinusitis and development of fungus balls (deShazo et al., 1997).
Fungi found in culture-based studies of CRS patients include
members of Aspergillus, Alternaria, Candida, Cladosporium,
and Penicillium (Ponikau et al., 1999). Molecular studies
have expanded this list to include fastidious fungi Malassezia,
Curvularia, Schizophyllum, and Neocosmospora (Cleland et al.,
2014; Gelber et al., 2016; Zhao et al., 2017). While there are
few studies on host-fungal interactions in the upper airways,
recent research suggests that defects in epithelial genes might
compromise immune barrier function and lead to dysfunctional
host immune responses to bacterial or fungal colonization (Tieu
et al., 2009). Additionally, fungal glycans (e.g., β-glucan) interact
with airway epithelial cells via surface receptors and can act as
determinants of allergenicity or induce inflammation (Roy and
Klein, 2013). In allergic bronchopulmonary aspergillosis (ABPA),
structural abnormalities in the airway epithelium allow fungal
spores to breach immune defenses and germinate into hyphae
(Chaudhary and Marr, 2011). Upon germination, fungal spores
secrete proteases which can disrupt epithelial barrier integrity
(Chen et al., 2011). Epithelial barrier dysfunction is frequently
observed in CRS and asthma (Tieu et al., 2009; Lambrecht and
Hammad, 2012). The presence of bacterial and fungal biofilms
increased mucosal IgE in CRS patients, suggesting that these
biofilms interact with the host immune system and perpetuate
chronic inflammation (Foreman et al., 2012).

CRS is phenotypically classified into two groups based on the
presence or absence of nasal polyps. This clinical classification
of CRS patients was initially reflected immunologically with a
predominance of TH2 cells and eosinophils in CRS patients
with polyps (CRSwNP) and a predominance of TH1 cells and
neutrophils in CRS patients without polyps (CRSsNP). However,
recent studies using molecular methods have demonstrated up
to 10 distinct endotypes of patients using markers of TH1,
TH2, TH17, eosinophil, and neutrophil activation (Tomassen
et al., 2016). A separate study found four distinct groups of
CRS patients characterized by distinct bacterial communities,
each conferring a unique immune response (Cope et al., 2017).
Corynebacteriaceae-dominated communities conferred increased
IL-5 gene expression and a higher risk for nasal polyps. While
these findings are helpful, it is also important to understand how
the sinus microbiota drive or exacerbate observed inflammatory
endotypes so new therapeutics can target the initiation of
disease.
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Unified Airway Hypothesis
CRS often exists in the setting of concomitant lower airway
disease, including asthma, and is frequently preceded by rhinitis.
Upper respiratory infections can exacerbate asthma symptoms;
bronchial hyperresponsiveness often occurs along with rhinitis
(Leynaert et al., 2000; Passalacqua et al., 2001). Between 20 and
60% of CRS patients with nasal polyps have asthma (Larsen,
1996; Klossek et al., 2005). These observations have led to
the “unified airway” hypothesis, which treats the respiratory
tract as one organ rather than distinct organs affected by
specific diseases. Supporting this hypothesis, medical and surgical
treatment in the upper airways for CRS frequently results in
reduced asthma symptoms. Therefore, respiratory inflammatory
disease can be considered a disorder of the entire respiratory
tract. Dysbiotic (altered) microbial communities have been
described in the upper airways of CRS patients and in the lower
airways of asthmatic patients, however, the microbiota of these
two sites have not yet been examined in parallel. Below, we
will discuss recent findings in CRS and asthmatic microbiota
and potential interactions between these important microbial
populations.

AIRWAY BACTERIAL MICROBIOME

The upper and lower airways harbor niche-specific microbial
communities that relate to health status (Lemon et al., 2010;
Huang and Boushey, 2014). Recent studies of the sinonasal
microbiome generally demonstrate a loss of bacterial diversity
and concomitant enrichment of pathobionts, resident microbes
with pathogenic potential, in the sinuses of patients with
CRS (Biswas et al., 2015; Cope et al., 2017; Lal et al.,
2017; Wagner Mackenzie et al., 2017). Abreu and colleagues
found that the sinus microbiome was characterized by reduced
microbial richness and depletion of taxa associated with
healthy individuals, such as lactic acid bacteria (Abreu et al.,
2012). This depleted CRS microbiome was enriched with the
pathobiont Corynebacterium tuberculostearicum. In a murine
model, C. tuberculostearicum increased host mucin secretion,
potentially increasing factors such as nutrient availability and
adherence. Larger studies of upper airway microbiota in CRS
patients demonstrate a heterogeneous, compositionally distinct
microbiota which relate to distinct host immune responses
(Cope et al., 2017; Lal et al., 2017). Studies comparing the
lung microbiome of asthmatics and healthy controls found
increased bacterial burden and diversity among asthmatics and
a compositional shift in the bacterial microbiome composition
characterized by enriched Proteobacteria (Huang et al., 2011;
Han et al., 2012; Durack et al., 2017). Polymicrobial biofilms
consisting of bacteria and fungi have been observed on sinonasal
mucosa using fluorescence in situ hybridization, demonstrating
that these taxa exist in mixed-species mucosal communities
(Sanderson et al., 2006; Doble et al., 2007). More research is
required on the upper and lower airway microbiota, and, in
particular, on the relationship between sinonasal and pulmonary
microbiota and mycobiota. The function and composition of
these communities may shed light on the heterogeneity observed
in CRS.

AIRWAY FUNGAL MICROBIOME

While the bacterial communities in airway inflammatory disease

have been more extensively studied, fungal microbiota are still
poorly characterized. This is due, in part, to the challenges
faced by researchers who study the airway mycobiome. Low
fungal biomass in the airways and databases that are curated
from GI or environmental sources affect sample collection,

DNA extraction, library preparation, and sequence analysis.
In other body sites such as the GI tract, fungal dysbiosis
has been implicated in diseases including inflammatory bowel
disease. Although outside the scope of this perspective, gut
mycobiome dysbiosis and interaction with the host immune
response has been extensively reviewed (Underhill and Iliev,
2014; Mukherjee et al., 2015). In the airways, similarities
between allergic fungal rhinosinusitis and ABPA illustrate the
ability of fungi to act as antigens and invade the respiratory
tract.

Studies on the fungal microbiome in CRS and asthma suggest

that fungal communities in the airways likely influence host
health. Malassezia, a known pathobiont on skin (Findley et al.,
2013), is the predominant fungal genus in the sinonasal cavity
in healthy individuals, CRS patients, and patients with allergic
rhinitis (Cleland et al., 2014; Jung et al., 2015; Gelber et al.,
2016). Lower abundance fungi in the sinuses of CRS patients
include Aspergillus, Alternaria, Fusarium, and Saccharomyces

(Cleland et al., 2014). A recent study using ITS gene sequencing
found fungal presence in the sinuses of 63% of CRS patients
and the predominant fungal genus in this study was Aspergillus
(Zhao et al., 2017). PCR evaluations of Aspergillus, however, have
demonstrated the presence of this fungus only in the sinuses of
CRS patients with a known fungal subtype of CRS (Gelber et al.,
2016). These discrepancies may be due to challenges related to
fungal databases for human-associated ITS sequences. Analysis
of the nasal vestibule of patients with AR and healthy individuals
demonstrated increased diversity of fungal communities
in AR characterized by preponderance of Malassezia (91–
99% of 18S rRNA gene sequences) with lower abundance
Aspergillus and Alternaria (Jung et al., 2015). In asthma, the
lung mycobiome composition is altered between patients
with severe asthma, ABPA, asthma with fungal sensitization
(SAFS), and mild asthmatics. In ABPA, Pseudomonas abundance
and fungal diversity both increased. Severe asthmatics were
characterized by enrichment of Aspergillus; the relative
abundance of Aspergillus increased approximately 15-fold
compared to mild asthmatics (Chishimba et al., 2015).
These results suggest that bacterial and fungal communities
change in parallel in subsets of human disease. Future
studies examining paired upper and lower airway microbiota
(bacterial and fungal) in individuals with CRS and asthma are
warranted.

Aspergillus fumigatus is often involved in the development
of allergic fungal rhinosinusitis (AFRS) specific subtype CRS
that accounts for an estimated 6–9% of all CRS patients
undergoing surgery (Schubert, 2004). Patients with AFRS
present with hyperplastic sinus disease, characterized by chronic
eosinophilic-lymphocytic inflammation and nasal polyps. In
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AFRS, fungal hyphae are found within allergic mucin. Sinus
cultures obtained in surgical patients reveal the presence
of fungal taxa such as Bipolaris spicifera, Alternaria, and
Aspergillus. AFRS bears many similarities to ABPA in its
immunopathology, treatment, and outcomes. ABPA and AFS
patients have elevated levels of serum IgE, and ABPA patients
have elevated A. fumigatus-specific IgE and IgG. Allergic
mucin in AFRS patients is histologically identical to the
bronchial mucus plugs in ABPA patients (Schubert, 2004). In
ABPA, immunological hypersensitivity is higher relative to AFS,
possibly due to differences in the diseased organ or etiological
fungus.

Concurrent upper and lower airway disease may be a
singular inflammatory process caused or mediated by microbial
communities. Microbes or their metabolites might translocate
between the upper and lower airways. Interactions between
microbes, the environment, and the host inflammatory response
could alter themucus-associatedmicrobial communities, causing
dysbiosis. Fungi involved in these allergic fungal disorders,
along with associated bacteria such as S. aureus, viruses, or
other microbes, may act as the source of microbial T-cell
superantigens. Fungal contributions to chronic inflammatory
airway diseases are an emerging research interest, one which
may advance the understanding of such unified airway
disorders and treatment for patients with allergic airway
disease.

FUNGAL-HOST AND FUNGAL-BACTERIAL
INTERACTIONS AND HOST HEALTH

Bacteria and fungi co-inhabit the human body and mounting
evidence suggests that microbial interactions in a given niche
can influence human health and disease. Bacterial co-colonizers
can directly affect fungal morphology (Peters et al., 2012),
survival (Romano and Kolter, 2005; Harriott and Noverr, 2009),
growth (Kerr et al., 1999), virulence (Schlecht et al., 2015),
and attachment to host epithelia or other microbes (El-Azizi
et al., 2004; Morales and Hogan, 2010). Current investigations
have focused on bacterial interactions with the opportunistic
pathogen Candida albicans. In the oral cavity, C. albicans
selectively attaches to the bacterium Streptococcus gordonii to
increase attachment and growth of the fungi (Holmes et al.,
1996). In vitro experimental studies have demonstrated that
S. aureus and P. aeruginosa selectively attach to C. albicans
hyphae but not yeast (Peters et al., 2012; Schlecht et al.,
2015), and these interactions have distinct outcomes. S. aureus
attachment to Candida hyphae results in increased invasion
of tissue (Schlecht et al., 2015), while P. aeruginosa forms
biofilms on the hyphal cells, killing the fungus (Hogan and
Kolter, 2002). Physical sensing and Quorum sensing (QS)
through small molecules that allow microbes to respond
to environmental stimuli play important roles in mediating
these interactions. For example, the C. albicans QS molecule
farnesol inhibits Pseudomonas quinolone signal (PQS) and
virulence factor production (Cugini et al., 2010). C. albicans can
respond to P. aeruginosa QS molecules, specifically 3-3-oxo-C12

homoserine lactone, which prevents hyphal formation in the
fungus (Hogan et al., 2004). These species-specific interactions
through physical contact and QS molecules likely affect
microbial virulence or biofilm formation in host upper or lower
airways. Ongoing research in our lab seeks to explore these
interactions.

We are interested in interactions between sinonasal-associated
fungi and bacterial co-colonizers, including Malassezia sp.
(Mowat et al., 2010; Jung et al., 2015; Gelber et al., 2016).
Malassezia, a dimorphic yeast implicated in a variety of
conditions including dandruff and atopic dermatitis, is present
in the upper airways (Cleland et al., 2014; Gelber et al., 2016).
Malassezia species are known to be immunomodulatory and
encode at least 13 different allergens; these fungi can exist as
commensals and can be immunosuppressive (Ashbee and Evans,
2002) or as pathobionts and can become immunostimulatory
(Gaitanis et al., 2012). Similar to CRS, Malassezia dermatis often
co-occurs with S. aureus in atopic dermatitis, perhaps interacting
with bacteria in driving skin inflammation. Further research is
required to identify theseMalassezia at the species or strain level
and to compare populations between healthy subjects and those
with allergic airway disease. Mechanistic studies are needed to
reveal the interactions between Malassezia, bacterial community
members, and the host immune system.

Airway epithelial cells and phagocytes express pattern
recognition receptors, including C-type lectins, that sense and
respond to components of the fungal cell wall. Dectin-1, a pattern
recognition receptor expressed by dendritic cells, neutrophils,
and macrophages, recognizes the fungal polysaccharide β-1,3
glucan motif found on fungal cell walls. Dectin-1 may mediate
host immune responses to these fungi. In mice, loss of dectin-1
resulted in more severe colitis compared to wild-type mice.
DSS-induced colitis was associated with increased Candida and
Trichosporon and decreased Saccharomyces. Fungi were also
found to invade inflamed tissues in dectin-1 KO mice, but not in
wild-type mice. When given the antifungal fluconazole, dectin-1
KO mice had milder symptoms (Iliev et al., 2012). These results
indicate that fungi contribute to the aggravation of inflammatory
responses in colitis, and dectin-1 is an immune mechanism
that regulates fungal community composition. Another C-
type lectin that specifically recognizes Malassezia has recently
been described (Yamasaki et al., 2009). When expressed on
macrophages, Mincle (also called Clec4e and Clecsf9) sensing of
Malassezia induces pro-inflammatory responses (Yamasaki et al.,
2009), although this receptor has also been implicated in TH2-
polarization upon activation (Geijtenbeek and Gringhuis, 2016).
Mincle-deficient mice showed a 2-4 fold reduction of IL-10, TNF-
alpha, and MIP1 when challenged with Malassezia but not A.
fumigatus (Yamasaki et al., 2009) Host-associated commensal
fungi, therefore, specifically interact with the mucosal immune
system, maintaining host and microbial homeostasis.

Fungal microbial communities in the GI tract can also
affect the development of respiratory disease. Mice treated with
antifungals exhibited increased development of allergic airway
disease along with increased disease severity in models of
colitis (Wheeler et al., 2016). The microbiomes of these mice
revealed a restructuring of fungal and bacterial communities
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characterized by decreased Candida (2.25-fold) and increased
Aspergillus (2.5-fold),Wallemia (6-fold), and Epicoccum (4-fold).
Oral supplements of A. amstelodami, W. sebi, and E. nigrum
recapitulated the effects of antifungal drugs to exacerbate allergic
airway disease as measured by increased pulmonary eosinophils
and lymphocytes and elevated serum IgE (Wheeler et al., 2016).
Colonization of the gut by Candida albicans has also previously
been shown to influence allergic airway disease and asthma in
a mouse model, perhaps through secretion of prostaglandin-like
immunomodulatory molecules (Noverr et al., 2005; Huffnagle,
2010; Marsland and Salami, 2015). Thus, fungal dysbiosis in
the gut can affect disease development and exacerbation in the
respiratory tract, indicating that a healthy mycobiome mediates
immune responses throughout the body. Whether these effects
reflect a direct action of fungi on the host or occur indirectly
by altering the bacterial microbiome composition is unknown.
Further studies are needed to elucidate the mechanisms for these
responses and to determine whether fungal communities in other
organs can influence allergic airway disease.

FUTURE DIRECTIONS

The evidence for the influence of dysbiotic fungal and bacterial
microbiota interactions to drive or exacerbate chronic airway

inflammatory disease is compelling. These findings open up
the potential for targeted manipulation of the airway or
gastrointestinal tract microbiota to improve airway health and
manage airway disease in patients with CRS, asthma, and cystic
fibrosis, among others. Current mycobiome studies focus on
comparisons in healthy vs. diseased models, but more research
needs to occur to understand the interactions between fungal and
bacterial communities with the host immune system in host body
sites. Fungi produce diverse secondary metabolites that can affect
bacteria, while bacteria can keep the mycobiome in check by
producing substances that inhibit the yeast to hyphae transition
of fungal pathobionts such as in C. albicans.

Additional research is needed to define the functional
effects of the mycobiome (Figure 1). Rather than focusing on
taxonomic diversity, studies comparing microbial community
function are potentially more useful. Further understanding
of the contribution of the mycobiome and bacterial-fungal
interactions should move beyond the GI tract into respiratory
tract, where fungal dysbiosis has been shown to influence
disease development and exacerbate symptoms. A variety of
methods, combining metagenomics and sequencing approaches,
experimental models, and functional studies should be used to
clarify mechanisms by which the mycobiome impacts health and
disease. In particular, focusing on microbial interactions with
mucosal surfaces and their influence on local immune response

FIGURE 1 | Interactions between the bacterial microbiome, mycobiome, and host immune system in the airways. Bacteria and fungi coexist in mucosa-attached

polymicrobial biofilms in the airways. Fungi can selectively induce or inhibit growth of various bacterial taxa, increase bacterial virulence factors, alter bacterial

morphology, or act as attachment sites for bacteria. Vice versa, bacteria can also alter fungal growth, virulence, morphology, and attachment. C-type lectin receptors

on macrophages and dendritic cells, such as dectin-1 and Mincle, can sense fungi and mediate host inflammatory responses.
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likely will provide additional insights into the role of microbes
in inflammatory disease of the upper and lower airways. Because
fungal dysbiosis can have as great an effect on the host as bacterial
dysbiosis, we cannot overlook the contributions of these largely
unexplored fungal communities in our search to understand the
microbial mechanisms behind health and disease.
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The skin of mammalian organisms is home for a myriad of microbes. Many of these 
commensals are thought to have beneficial effects on the host by critically contributing to 
immune homeostasis. Consequently, dysbiosis can have detrimental effects for the host 
that may manifest with inflammatory diseases at the barrier tissue. Besides bacteria, 
fungi make an important contribution to the microbiota and among these, the yeast 
Malassezia widely dominates in most areas of the skin in healthy individuals. There is 
accumulating evidence that Malassezia spp. are involved in a variety of skin disorders 
in humans ranging from non- or mildly inflammatory conditions such as dandruff and 
pityriasis versicolor to more severe inflammatory skin diseases like seborrheic eczema 
and atopic dermatitis. In addition, Malassezia is strongly linked to the development of 
dermatitis and otitis externa in dogs. However, the association of Malassezia spp. with 
such diseases remains poorly characterized. Until now, studies on the fungus–host inter-
action remain sparse and they are mostly limited to experiments with isolated host cells 
in vitro. They suggest a multifaceted crosstalk of Malassezia spp. with the skin by direct 
activation of the host via conserved pattern recognition receptors and indirectly via the 
release of fungus-derived metabolites that can modulate the function of hematopoietic 
and/or non-hematopoietic cells in the barrier tissue. In this review, we discuss our current 
understanding of the host response to Malassezia spp. in the mammalian skin.

Keywords: Malassezia, commensalism, opportunistic pathogenic fungi, skin disorders, innate immunity, adaptive 
immunity, allergic response, indoles

inTRODUCTiOn

Malassezia spp. are lipophilic yeasts, which are part of the skin microbiota of many mammals and 
birds. In fact, the genus Malassezia is by far the most abundant eukaryotic member of the microbial 
flora of the skin in these organisms (1). Most Malassezia spp. have a predilection for seborrheic skin 
sites such as the scalp and the trunk. They rely on exogenous fatty acid sources for their nutritive 
requirements because of their lack of genes encoding for the fatty acid synthase and genes involved 
in carbohydrate metabolism (2–4). In agreement, the cell wall of Malassezia spp. is particularly rich 
in lipids (5).

The genus Malassezia currently comprises 17 species, three of which have only recently been 
proposed (6–8). Malassezia globosa, Malassezia restricta, and Malassezia sympodialis are most 
frequently isolated from the healthy human skin with distinct relative frequencies at specific 
body sites (1, 9). The age of the host and geographic factors also influence their distribution (10). 
Malassezia pachydermatis, Malassezia nana, and Malassezia caprae are found predominantly in non-
human hosts (6). Surprisingly, the microbial communities of the skin are astonishingly stable and 
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FiGURe 1 | Interaction of Malassezia spp. with the mammalian skin. Direct interactions involve various PRRs, which recognize fungal cell wall constituents and are 
distinctly expressed on the surface of non-hematopoietic (i.e., keratinocytes) and hematopoietic cells (i.e., Langerhans cells, mast cells) of the skin. Spatial and 
temporal signal integration of different PRR signals results in the induction of inflammation and immunity or, alternatively, in the regulation and tolerance of the host 
toward Malassezia spp. Indirect interactions of Malassezia spp. with the skin include fungus-derived metabolites such as irritant fatty acids on the one hand and 
indoles that are potent agonists for the AhR, which is expressed by various skin cells, on the other hand. KCs, keratinocytes; LCs, Langerhans cells; DCs, dendritic 
cells; Mϕ, macrophages; MCs, mast cells; SC, stratum corneum; AhR, aryl hydrocarbon receptor.
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maintained over time, despite the skin’s exposure to the external 
environment (11). It is currently unknown whether Malassezia 
spp. play a mutualistic role and may thus contribute to immune 
homeostasis of the host.

Apart from their commensal nature, Malassezia spp. are also 
associated with common skin disorders such as pityriasis versi-
color and seborrheic dermatitis as well as more severe inflam-
matory skin pathologies including atopic eczema and atopic 
dermatitis in humans (10) and dermatitis and otitis externa in 
animals, most frequently in dogs (12). The composition of the 
skin mycobiome can vary under pathological conditions and 
some species of Malassezia such as M. sympodialis and Malassezia 
furfur are found to be enriched in certain skin disorders (10). To 
date, a causative link between Malassezia and disease develop-
ment has only been made for Pityriasis versicolor, while the role 
of the yeast in other pathologies remains correlative (10, 13, 14). 
Changes in the degree of colonization in diseased compared to 
healthy skin have been documented in dogs (15) but remain 
uncertain in humans (16).

The pathophysiology of Malassezia-associated skin conditions 
is largely unknown. The lack of knowledge on the cellular and 
molecular interactions between Malassezia spp. and the host 
preclude a better understanding of the factors determining 
commensalism versus disease. Herein, we review the current 
knowledge with regard to how the host recognizes Malassezia 
spp. and responds to it (Figure 1).

SenSinG OF Malassezia spp.  
BY THe HOST

Through their localization in the skin, Malassezia spp. interact 
primarily with keratinocytes, tissue-resident dendritic cells 
(DCs), and macrophages, as well as with myeloid cells that are 
recruited to the skin under inflammatory conditions. Activation 
of DCs is key for induction of adaptive immunity and memory 
formation. The fungus is recognized by the host either directly 
through interaction of fungal cell wall components with mem-
brane bound pattern recognition receptors (PRRs) or indirectly 
through soluble metabolites that are released by Malassezia spp. 
The set of receptors expressed by the hematopoietic and the non-
hematopoietic compartment are largely distinct.

Direct Recognition of Malassezia spp.  
by Surface-Bound Receptors
The fungal cell wall is rich in carbohydrates and glycoproteins that 
are recognized by PRRs of the family of Syk-coupled C-type lectin 
receptor (CLR), which are expressed primarily by myeloid cells 
(17, 18). Binding to these receptors results in ligand internaliza-
tion and activation of multiple signaling pathways, including the 
MAPK, NF-κB, and NFAT pathways as well as the inflammasome.

The polysaccharides of the Malassezia cell wall are organized 
differently than in other fungal species analyzed to date (19, 20). 
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Moreover, the cell wall is surrounded by a lipid-rich outer layer 
(21). Several CLRs have been shown to respond to Malassezia spp. 
in vitro. The two FcRγ-associated receptors Dectin-2 and Mincle 
sense Malassezia spp., albeit through recognition of distinct 
ligands (22). While Mincle binds to two distinct glycolipids in 
Malassezia, Dectin-2 recognizes the fungus through α-1,2-linked 
mannose. High-mannose binding is a general feature of Dectin-2, 
which is reported to recognize a variety of fungi, including Candida 
albicans, Saccharomyces cerevisiae, Blastomyces dermatitidis, 
Aspergillus fumigatus, Cryptococcus neoformans, and Fonsecaea 
pedrosoi (23). In contrast, Malassezia spp. were initially found 
to be unique agonists of Mincle when a large panel of 50 differ-
ent fungi was tested in a glycoconjugate microarray (24). More 
recently, other fungi such as Pneumocystis carinii, F. pedrosoi, 
and Fonsecaea monomorpha were also reported to engage Mincle 
(25–27), in addition to bacterial ligands (28–32), mammalian 
alarmins released from damaged cells (33, 34) and even choles-
terol crystals (35, 36). Mincle is thus a highly pleiotropic recep-
tor, which can bind chemically and structurally distinct ligands 
through at least two complementary binding sites (37–40). The 
β-glucan receptor Dectin-1, which was the first member of the 
family of Syk-coupled CLRs to be identified (41), was also found 
to sense Malassezia and was linked to the activation of the NLRP3 
inflammasome (42). Finally, Langerin was suggested to act as a 
receptor for Malassezia in the skin due to its prominent expression 
by epidermal Langerhans cells and by a subset of dermal DCs.  
Direct binding of the fungus to recombinant Langerin was indeed 
observed (43, 44).

Activation of myeloid cells by Malassezia spp. via these dif-
ferent CLRs was shown to induce the secretion of proinflamma-
tory cytokines. However, the relative contribution of individual 
receptors to fungal control in  vivo during commensalism and 
in infectious settings remains to be determined. At least partial 
redundancy of receptors that signal via the same pathway may 
occur, similarly to what was found for other fungi (45, 46). 
Dissecting the role of Mincle in the context of Malassezia spp. in 
more detail will also be interesting in light of its reported antago-
nizing activity, e.g., in response to Fonsacaea spp. (27), and thus 
this receptor may also mediate regulatory or inhibitory responses 
to Malassezia spp.

In addition to CLRs, Toll-like receptors (TLRs), and in particu-
lar TLR2, also contribute to fungal recognition by the host. TLR2 
was implicated in sensing of Malassezia spp. and inducing a pro-
inflammatory response characterized by the release of cytokines, 
chemokines and antimicrobial peptides by keratinocytes (47–50).

The proinflammatory response is generally enhanced by lipid 
removal from the yeast to enhance exposure of fungal cell wall 
carbohydrates (51, 52). In contrast, thymic stromal lymphopoietin 
secretion from keratinocytes was found to be induced specifically 
by the lipid layer components of M. restricta and M. globosa but 
not by yeasts that were depleted of lipids (53).

indirect interaction
Specific products of Malassezia metabolic pathways are thought 
to act as virulence factors promoting inflammation and pathol-
ogy, while others downregulate the production of inflammatory 
mediators and thereby contribute to immune regulation. Fungal 

strains with altered production of such factors have been linked 
to Malassezia-associated skin disorders (54–56).

Malassezia-derived lipases and phospholipases, which are 
required to assimilate host-derived lipids, can initiate an inflam-
matory response in the skin by releasing unsaturated free fatty 
acids from the sebum lipids (57–60). Oleic acid has irritant and 
desquamative effects on keratinocytes (61–63), whereas arachi-
donic acid produces proinflammatory eicosanoids and leads 
to inflammation and damage to the stratum corneum, thereby 
contributing to the disruption of the epithelial barrier function 
and induction of abnormal keratinization (64).

Malassezia furfur is able to convert tryptophan into a variety 
of indole alkaloids. This pathway is mainly active if tryptophan 
is the sole source of nitrogen (65). M. furfur-derived indoles 
including malassezin, indirubin, and indolo [3,2-b] carbazole 
(ICZ) serve as potent ligands for the host aryl hydrocarbon 
receptor (AhR) and thereby potentially modify the function of 
all cells in the epidermis expressing this receptor (54, 55, 66, 67).  
For example, some tryptophan metabolites can promote apop-
tosis of melanocytes (68) or inhibit the respiratory burst in neu-
trophils (69). Given the broad spectrum of biological responses 
that are influenced by AhR activity, M. furfur may engage 
this pathway to modulate inflammation and/or promote skin 
immune homeostasis (70) but may also promote skin pathology 
(71) or even contribute to carcinogenesis (72). The significance 
of yeast-derived indoles in each of these contexts remains to be 
demonstrated in vivo.

innATe iMMUniTY TO Malassezia spp.

The majority of what is currently known about the host response 
to Malassezia spp. is based on in  vitro studies with isolated 
myeloid cells or keratinocyte cell lines. Stimulation of these cells 
with Malassezia yeast leads to the induction of mainly proin-
flammatory cytokines, chemokines, and antimicrobial peptides  
(22, 24, 47–52, 73–76). In line with an inflammatory character of 
the innate response to the fungus, the intraperitoneal injection of 
Malassezia into mice results in the recruitment of neutrophils to 
the peritoneum (24). Only few studies have examined regulatory 
cytokines such as IL-10 and TGF-β by the yeast (24, 49, 51, 74, 77),  
but these may be relevant with regard to the role of Malassezia 
spp. as a skin commensal.

Given the association of Malassezia spp. with inflammatory 
skin disorders and allergic responses, the fungus may also inter-
act with mast cells. Progenitor cell-derived mast cells from atopic 
patients show increased release of proinflammatory cytokines 
upon stimulation with Malassezia (76) and are enriched in the 
skin of atopic eczema patients where they are positioned in the 
superficial dermis and can interact with the fungus (78). Mast cell 
activation in response to Malassezia spp. has also been reported 
in studies with bone-marrow-derived mast cells. These cells are 
directly activated by the fungus in a TLR2-dependent manner and 
release inflammatory mediators and cytokines (79). Moreover, 
the crosslinking of the high-affinity IgE receptor (FcεRI) by 
antigen-bound IgE can induce mast cell degranulation (79). 
Therefore, mast cells may contribute to further barrier disruption 
and thereby amplify the inflammatory response.
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The access of Malassezia to immune cells in the skin may be 
facilitated by disruption of the epithelial barrier as it frequently 
occurs during chronic inflammation. Moreover, Malassezia spp. 
were reported to release nanovesicles/exosomes that contain 
immunogenic proteins and trigger increased release of cytokines 
by DCs (80).

ADAPTive iMMUniTY TO Malassezia spp.

As a commensal, Malassezia interacts continuously with the 
immune system. Therefore, cellular and humoral immune 
memory to the fungus can be evidenced in healthy individu-
als (81). Although there are fewer studies related to dogs when 
compared with humans, dogs also develop cellular and humoral 
immune responses to their commensal yeast, M. pachydermatis 
(82–84). Generally, the adaptive immune responses are heightened 
and qualitatively distinct in patients with Malassezia-associated 
diseases.

Humoral Responses
During steady state, Malassezia-specific antibodies are pre-
dominantly of the IgG and IgM isotypes (81). In contrast, 
although Malassezia-specific IgE is not usually detected in 
healthy individuals, it is common in atopic patients (85). A 
positive correlation was found between the sensitization to 
Malassezia-specific IgE and the severity of atopic dermatitis (86, 
87). Similar observations were made in atopic dogs (83, 84). 
However, whether the IgE response plays a pathogenic role in 
atopic and other Malassezia-associated inflammatory disorders 
or rather serves as a marker for the severity of disease remains 
unclear.

T Cell Responses
Patients with atopic dermatitis often show positive skin prick 
test and atopic patch test reactions to Malassezia (85). T cell-
responsiveness to Malassezia in such patients was associated 
with a Th2 response (88), in line with the classical paradigm of 
Th2-polarized allergic T cells. GATA3+ T cells were identified in 
pityriasis versicolor lesions (89) and likewise Malassezia-specific 
T cell in allergic dogs were found to be strongly polarized toward a 
type 2 response (82). More recently, other T helper cell subsets 
such as Th17 and Th22 cells have been found enriched in allergic 
individuals (90, 91) as well as in non-allergic immune-mediated 
skin diseases such as psoriasis (92). Consistent with this notion, 
Malassezia-reactive skin homing T  cells from Malassezia-
sensitized atopic dermatitis patients comprise not only Th1 and 
Th2 subsets but also IL-17- and IL-22-secreting cells (93). Of 
note, IL-4/IL-17 coproducers have also been described in the 
context of atopic eczema especially in children (94). Importantly, 
Th17 differentiation is a hallmark of T cell responses induced by 
CLR signaling (46) and T cells directed against other fungi, in 
particular Candida spp., belong predominantly to the Th17 sub-
set (95). Whether and how IL-17 and/or IL-22 may contribute 
to pathogenicity in atopic dermatitis remains to be determined. 
It is also unknown to which subset Malassezia-specific T cells 
belong in healthy individuals and to what extent T cell plasticity 
contributes to sensitization.

Malassezia Allergens
To date, 13 Malassezia-derived allergens have been identified 
from M. furfur and M. sympodialis (3, 96). Interestingly, more 
allergens are released from M. sympodialis when cultured at the 
increased pH conditions of atopic skin compared with culture 
at the pH of healthy skin (97). Several of the known allergens 
belong to a class of phylogenetically highly conserved proteins 
and display a high degree of homology with the corresponding 
mammalian proteins. Cross-reactivity between Malassezia-
derived allergens and endogenous human proteins (e.g., thiore-
doxin, manganese-dependent superoxide dismutase) has been 
indeed demonstrated (93, 98, 99). Therefore, the induction of 
autoreactive T cells by Malassezia allergens may play a role in 
sustained inflammation.

COnCLUSiOn

Malassezia spp. have been implicated in various pathologies. 
Yet, direct evidence for a causal relationship between Malassezia 
spp. and the mammalian host remains elusive. For instance, it is 
unclear whether Malassezia actively promotes atopic dermatitis 
or whether the inflammatory environment in the atopic skin trig-
gers a dysregulated immune response toward the fungus.

At the basis of this is the key question of what determines the 
balance between commensalism and pathogenicity of Malassezia 
spp. The answer likely relates to changes occurring in both the 
fungus (55) (e.g., variable secretion of AhR agonists) and in 
the host (e.g., barrier defects, changes in immune polarization) 
which are responsible for promoting the development of pathol-
ogy. Changes in the environment such as seasonal variations 
in sebum production have also been linked to altered disease 
prevalence (100).

Inter-species variations in the skin mycobiome may further 
contribute as different species of Malassezia can induce variable 
inflammatory responses (51, 75, 101). Moreover, Malassezia 
spp. have been shown to display a large intra-species diversity 
(73) similarly to what is known for other opportunistic fungal 
pathogens (102), and thus the exact composition of Malassezia 
strains and species present in an individual at a given time may 
contribute to different outcomes in the interaction between 
the fungus and the host. The recently completed assembly and 
detailed annotation of the genome of M. sympodialis makes an 
important contribution to approach this complexity (103). Future 
research will help fill the important gaps in our knowledge on the 
pathophysiology of and the host response to Malassezia in vivo. 
Enhanced understanding of host-Malassezia interactions may 
contribute to improved diagnostic and therapeutic options for 
patients affected by Malassezia-associated pathologies.
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Cryptococcus neoformans is not usually considered a cytotoxic fungal pathogen but 
there is considerable evidence that this microbe can damage host cells and tissues.  
In this essay, we review the evidence that C. neoformans damages host cells and note 
that the mechanisms involved are diverse. We consider C. neoformans-mediated host 
damage at the molecular, cellular, tissue, and organism level. Direct mechanisms of 
cytotoxicity include lytic exocytosis, organelle dysfunction, phagolysosomal membrane 
damage, and cytoskeletal alterations. Cytotoxicity contributes to pathogenesis by inter-
fering with immune effector cell function and disrupting endothelial barriers thus allowing 
dissemination. When C. neoformans-mediated and immune-mediated host damage is 
sufficient to affect homeostasis, cryptococcosis occurs at the organism level.

Keywords: Cryptococcus, cryptococcosis, disease, damage, macrophage, cytotoxicity

Anyone with expertise in routine laboratory tissue culture knows that fungal contamination rapidly 
kills mammalian cells in vitro. However, Cryptococcus neoformans is unusual among fungi in that it 
has minimal toxicity for animal cells in tissue culture, such that it is possible to maintain yeast cells 
and macrophages for days without major cytotoxicity for the latter. macrophage-like cells that have 
phagocytosed C. neoformans are capable of replicating and divide their yeast cargo among daughter 
cells (1). This implies that C. neoformans does not release major cytotoxic products, at least in vitro. 
Consistent with this notion, cryptococcal infections are not associated with tissue necrosis as seen 
in infections caused by other fungal pathogens, such as those caused by Aspergillus or mucorales 
spp. In fact, cryptococcosis often shows many features of a chronic infection, and host death is 
often due to the effects of physical compression of tissue, and defects in resorption of cerebrospinal 
fluid (CSF) (possibly due to increased viscosity from fungal polysaccharide shedding into CSF) 
and overwhelming brain edema (2). While these observations might lead to the conclusion that  
C. neoformans infections are associated with minimal host damage, a review of available knowledge 
reveals otherwise. In this essay, we survey the available evidence that C. neoformans is capable of 
inflicting direct damage on host cells and tissues. We note that host damage following cryptococcal 
infection can come from microbe and the host (3, 4), with the latter culminating in a dramatic 
pathology known as Immune Reconstitution Inflammatory Syndrome (IRIS).

We consider damage at four levels of scale: molecular, cellular, tissue, and organism level. 
molecular damage is that caused by enzymes or molecules produced by C. neoformans, which 
induces modifications of host molecules and cells and manifests itself at the molecular or organelle 
level. Cellular damages are those causing modifications of the architecture and structure of the host 
cells due to the toxic action of C. neoformans. Tissue damages cause anatomical and functional disor-
ganization beyond cellular injury. Together, these combine to produce the disease of cryptococcosis 
at the organism level. We recognize that these are not independent, since molecular damage leads 
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FiguRe 1 | Schematic representation of the different Cryptococcus neoformans-mediated cell host damages are various scales. Damage at the molecular level results 
from the secretion of various enzyme by C. neoformans (proteases, nuclease, urease, phospholipase) that degrade host molecules such as antibodies and/or modify 
cells membranes. C. neoformans ingestion is also able to trigger autophagy, apoptosis, and cell death in the host (mAb, monoclonal antibodies; Mp, macrophages). 
Damage at the cellular level involves modification of cellular compartments such as accumulation of polysaccharide vacuoles (1), inhibition of phagolysosomal 
maturation (2), phagolysosomal leakage (3), mitochondrial fission and depolarization (4), swelling and cytoskeleton abonomalities (5) or metabolic modification due to 
C. neoformans vesicles secretions (6), C. neoformans engulfment resulted also in non-lytic (7), or lytic (8) exocytosis. Damage at the tissue level consisted typical 
cryptococcal lesions in the brain parenchyma after intravenous inoculation of C. neoformans to outbred mice (sacrifice seven days after inoculation). No granuloma and 
accumulation of yeast masses without inflammatory cells can be observed engendering tissue disorganization. Coloration Alcian Blue (magnification 4×). Damage at 
the organism level combines to produce the clinical signs associated with cryptococcal diseases in humans with dissemination and neurological abnormalities as the 
most severe clinical presentation leading to death. Felines are also naturally susceptible to cryptococcosis with localized to disseminate infections. Mus musculus and 
Galleria mellonella are well established organisms for experimental models of infection that help understanding the pathophysiology  
of the disease and the biology of the yeast in relation to the host.
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to cellular damage, cellular damage leads to tissue damage, and 
all three combine to produce organismal damage. Furthermore, 
we note that a process of C. neoformans can damage the host at 
more than one level. For example, cryptococcal phospholipase 
can cause molecular damage by destroying surfactant molecules 
(5) while also being a potential cause of cellular damage at the 
level of macrophage (6). Despite these important caveats, these 
mechanisms are sufficiently distinct that it is possible to discuss 
them separately. Our goal is integrating them to produce a holistic 
view of C. neoformans-mediated host damage into a new synthesis 
for approaching cryptococcal pathogenesis (Figure 1).

MOLeCuLAR DAMAge

In the section for molecular damage, we consider how cryptococ-
cal products damage host molecules (Figure 1). C. neoformans-
mediated molecular damage enhances its likelihood of survival in 
tissues. As a soil-dwelling organism that obtains its nutrition from 
digesting material in the environment, C. neoformans secretes a 

large suite of enzymes with the potential to degrade host mol-
ecules (7). Among all enzymes produced by the fungus, the major 
candidates as mediators of host toxicity at the molecular level are 
proteases, urease, phospholipase, and nuclease (7). C. neoformans 
can metabolize immunoglobulins and complement proteins for 
growth as these compounds are presumably degraded by released 
proteases (8). Hence, proteases may interfere with host defense 
mechanisms by cleaving immunologically important molecules 
and directly damaging effector cells. Cryptococcal serine pro-
teases promote increased blood–brain barrier (BBB) permeability 
(9), which may help in the process of brain infection. Although 
not directly related to host damage C. neoformans releases a pro-
tease that cleaves a peptide, which functions as quorum-sensing 
molecule to increase virulence (10). Urease is a virulence factor 
for C. neoformans (11), which is important for brain invasion 
(12). The mechanism by which urease promotes brain invasion 
could involve catalyzing the hydrolysis of urea to ammonia to 
locally damage endothelial cells in the brain vasculature. Another 
group of enzymes involved in the pathogenesis of C. neoformans 
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are phospholipases. C. neoformans produces both phospholipase  
B and C (6, 13–17). Phospholipases cleave phospholipids, which in 
turn allow them to damage membranes. Phospholipase-deficient 
C. neoformans manifest delayed intracellular replication, which 
could result in better maintenance of phagosomal membrane 
integrity and subsequent enhanced fungal control (6). In vitro 
phospholipase-mediated cleaves surfactant and promotes the 
attachment of C. neoformans to human lung epithelial cells, a 
process in vivo could promote pulmonary infection (5). Ingestion 
of C. neoformans results in the activation of autophagy initiation 
complex pathways, which results in a global reprogramming of 
host kinase signaling (18).

CeLLuLAR DAMAge

By cellular damage, we consider mechanisms for cytotoxicity.  
C. neoformans-mediated cytotoxicity contributes to establishment 
of disease via at least two major mechanisms. First, damage to 
host immune system in tissue, which inflicts damage to immune 
system, the surrounding tissues and may cause symptoms to the 
host while ultimately allowing persistence of infection. Second, 
damage to the endothelial cells in the brain vasculature (possibly 
in other organs as well), precedes invasion of the central nervous 
system to cause meningoencephalitis, the most common life-
threatening form of cryptococcosis. Interaction of C. neoformans 
with the epithelial barriers is transient, and internalization of 
C. neoformans by epithelial cells is rarely observed. The airway 
epithelium is critical to trigger initial inflammatory response 
to the inhaled spores or yeast (19) and can produce surfactant, 
which agglutinates yeast cells (20). Potentially important to the 
pathogenesis of disease are interactions of C. neoformans with 
neurons or (micro)glial cells and their potential to cause neu-
rological dysfunction but so far this remains an enigma (21). 
Therefore, we focus our discussion on cytotoxic damage primar-
ily on phagocytic cells and endothelial cells and describe several 
forms of damage that can be inflicted on host cells (Figure 1).

 1. Interference with phagolysosomal maturation: after ingestion of 
C. neoformans by macrophage, yeasts resides in an acidic phago-
some that has maturation markers such as Lamp1 (22). Initially,  
C. neoformans was thought to not interfere with phagosome 
maturation similar to other intracellular pathogens such as 
Mycobacterium tuberculosis. However, recent studies indicate 
that ingestion of live but not dead C. neoformans cells is 
associated with the early removal of phagosome maturation 
markers Rab5 and Rab11 and interference with proteolytic 
activity and calcium fluxes (23). Interference with phagolyso-
some maturation would have the effect of interfering with its 
microbicidal activity, which in turn would promote fungal 
intracellular replication.

 2. Phagolysosomal leakage: electron microscopic studies revealed 
damaged membranes in phagosomes containing C. neoformans  
(24). Phagolysosomal leakage was confirmed with fluores- 
cence labeled microscopy (25). Leakage of phagosome compo-
nents into the cytoplasm interferes with microbicidal activity 
of this organelle but may also trigger the inflammasome (26). 
The amount of phagosomal leakage is modulated by IFN 

gamma (27), and likely other cytokines, with consequences to 
the amount of host cell damage and death.

 3. Accumulation of polysaccharide-containing vesicles in mac-
rophage: C. neoformans infection in macrophage is accompanied 
by the accumulation of vesicles, which contain fungal polysac-
charide (24). The presence of large numbers of vesicles in the 
macrophage cytoplasm can give the impression of “holes” and 
these cells were named “hueco cells” after the Spanish term for 
hole (24). These intracytoplasmic vesicles appear to bud from the 
cryptococcal phagolysosome (24). Whether vesicle accumula-
tion causes direct damage to the host cell is not known but their 
presence crowds out the cytoplasm and could impair cellular 
function. In addition, the generation of such large number of 
vesicles must tax lipid reserves (as composed of lipid bilayer), 
which could put a stress on membrane generation and repair.

 4. Interference with organelle function: upon detection of intruder 
pathogenic microbes, macrophage undergo a series of concerted 
metabolic changes ranging from shift to a glycolytic metabolism 
to adaptation of the rate of protein synthesis or autophagy. 
Cellular quality control is a method to detect pathogen inter-
ference with organelle and cellular function and, therefore, is 
a mechanism of immune surveillance. When C. neoformans 
infects murine macrophage mitochondria potential is decreased 
and protein synthesis is impaired (28, 29). The presence of extra-
cellular yeast could also lead to chromosomal aberrations and 
cell cycle impairment in murine macrophage (28).

 5. Host cell swelling and cytoskeleton alterations: several decades 
ago, cryptococcal polysaccharide was reported to produce 
direct swelling effects on host cells (30–32). Although the 
biochemical pathway is still unknown, there is evidence that 
C. neoformans can induce changes in the cellular cytoskel-
eton. Human brain microvascular endothelial cells exposed 
to C. neoformans manifested changes in membrane ruffling, 
morphological changes in the nucleus, and swelling of the 
mitochondria and endoplasmic reticulum (33). These changes 
were associated with dephosphorylation of cofilin and actin 
changes (33). Similarly, changes to the cell cytoskeleton are 
apparent after C. neoformans infection of Drosophila cells (34). 
Another example of close interaction, and possible manipula-
tion of host cytoskeleton, is that in human endothelial cells 
transcytosis requires CD44 receptor, which triggers the move-
ment of actin to membrane lipid rafts that presumably aid in 
cellular entry (35). Changes to the cytoskeleton are apparent 
before non-lytic exocytosis in the form of actin flashes (36).

 6. Non-lytic exocytosis and vacuolation: non-lytic exocytosis is 
generally considered a relatively benign process on the host 
cell given that cells from which C. neoformans has exited can 
replicate (37, 38). However, it is likely that any interference in 
the process of non-lytic exocytosis will trigger lytic exocytosis 
(discussed below). In this regard, macrophage deficient in 
annexin A2, a protein that is involved in a myriad of cellular 
functions including membrane fusion and plasma membrane 
repair, manifested increased lytic exocytosis, possibly due to 
problems in membrane fusion during the process of exocy-
tosis (39). Non-lytic exocytosis results in the formation of 
large vacuoles in the cytoplasm of macrophage from which 
C. neoformans exited (40). Although the mechanism and 
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etiology of the formation of these large vacuoles is not known 
they represent an anatomic cellular abnormality that could 
interfere with cell homeostasis.

 7. Lytic exocytosis: unchecked replication of C. neoformans inside 
macrophage can lead to rupture of the host cell with the release 
of fungal cells. This process, known as lytic exocytosis results 
in the death of the host cell. Host cell lysis by C. neoformans is 
also triggered by a mechanism that is dependent on cell wall 
mannosylation of cell wall and does not require the viability 
of the fungal cell (41).

 8. Activation of cell death pathways: the toxic presence of  
C. neoformans may culminate in host cellular death. However, a 
study of death pathways activated in murine macrophage upon  
C. neoformans infection did not find a specific pathway predom-
inantly activated. In contrast, in dendritic cells C. neoformans  
caused robust inflammasome activation and cell death, which 
was critically dependent of caspase-1, or caspase-8 in the 
absence of caspase-1 (28, 29). C. neoformans polysaccharides 
glucuronoxylomannan and galactoxylomannan can mediate 
direct cytoxicity to macrophage by activation of Fas ligand 
and triggering apoptosis (42, 43). Galatoxylomannan trigger 
B cell death leading to lymphocyte depletion and abrogating 
effective antibody responses (44).

 9. Extracellular vesicle (EV) effects. C. neoformans like all other 
fungi that have been examined produces EVs (45). In the case 
of C. neoformans, these vesicles contain many fungal products 
associated with virulence, including fungal secreted polysaccha-
rides and laccase (46). EVs are not directly toxic to host cells but 
they can have powerful stimulatory effects on host macrophage 
(47). In fact, incubation of macrophage with C. neoformans EVs 
led to activation changes that increased the antifungal activity 
(47). Although at this time EVs are not linked directly to cryp-
tococcal pathogenesis there is considerable indirect evidence 
for an important role in virulence. For example, capsular poly-
saccharides have been implicated in negative effects on immune 
function, and this material is exported across the cryptococcal 
cell wall in EVs (5, 48). In addition to capsular polysaccharides, 
EVs have been shown to carry numerous short RNA molecules 
raising the possibility that these microbial RNAs are involved in 
modulating host cell function (49).

TiSSue AND ORgAN DAMAge

immune System Damage
The immune system is damaged during C. neoformans infection 
by direct injury to its effector cells and by interference with effec-
tive immunity. The outcome of the C. neoformans–macrophage 
interaction is a critical determinant for the fate of the microbe 
and host during infection. The ability of C. neoformans to replicate 
inside macrophage correlated with mice and rat susceptibility 
to infection (50, 51). In humans, the capacity of C. neoformans 
strains to replicate in macrophage to higher intracellular burden 
correlated with worse clinical outcomes (52, 53). Hence, the 
available evidence suggests that factors and interventions that 
modulate macrophage function, in particular when T-cell func-
tion is impaired, could control cryptococcal disease, whereas 

the capacity of the yeast to efficiently replicate intracellularly is 
associated with progression of infection. In this light, it is appar-
ent that mechanisms that damage macrophage are likely to impair 
the antifungal capacity of these cells, which in turn facilitates 
intracellular growth. Hence, mitochondrial damage, phagosomal 
damage, and induction of programmed cellular pathways can be 
expected to directly aid in fungal survival in vivo through impair-
ment of monocyte mononuclear macrophage as well as other 
innate immune cells. Damage to other immune cells has been 
less studied, but for example direct effects of shed polysaccharides 
on adaptive cellular responses (54) will magnify the impairment 
to macrophage function by providing inadequate activation of 
microbicidal capacity. A last point is that shear physical force of 
capsule and cell body growth, to dimensions surpassing 10 µm, 
may exhaust intracellular membranes of the host and that this 
fungal gigantism could physically damage host cell (55, 56), as 
seen with capsule growth and titan cell formation.

The second form of damage to the immune system is interfer-
ence with its ability to organize an effective response. Here, the 
damage is multifaceted and originates from the cellular damage 
described above as well direct effects of cryptococcal components 
that affect the response of immune cells, which in turn interfere 
with effective immunity. The major cryptococcal polysaccharides 
have protean effects on the function of immune cells, which 
contribute to dysregulated process [reviewed in Ref. (57)].  
In addition, to polysaccharide-mediated effects, the presence of 
the C. neoformans urease in the lung promotes the accumulation 
of immature dendritic cells and the emergence of a non-protective 
T2 polarized inflammatory response (58). C. neoformans produces 
a variety of prostaglandins and leukotrienes, which have direct 
effects on inflammatory cells and thus may have a major effect in 
altering the local immune response to infection (3, 41). Synthesis 
of eicosanoids is dependent on phospholipase activity thus 
implicating this enzyme in several different possible mechanism 
of virulence (47). Cryptococcal polysaccharides interfere with 
leukocyte migration toward chemoattractants (59). The mecha-
nism for this effect includes induction of L-selectin shedding 
from neutrophils (60). Interference with leukocyte migration 
could account for the notoriously poor inflammatory responses 
observed in many individuals (61).

The immune response to C. neoformans can also mediate host 
damage. This phenomenon was first when HIV-infected individu-
als successfully treated for cryptococcosis manifested a worsening 
of symptoms after the initiation of antiretroviral therapy (62, 63). 
What came to be known as “immune reconstitution inflammatory 
syndrome” was the result of immune system recovery reacting to 
residual cryptococcal antigens in tissue, which resulted in inflam-
mation and local organ damage (63). Recently, T cells have been 
associated with immune injury in experimental murine crypto-
coccosis establishing a mechanism by which immune dysregula-
tion in response to infection can produce host damage (3). The 
contribution of immune-mediated damage to the pathogenesis 
of cryptococcosis could help explain the paradoxical observation 
that the prognosis of cryptococcal meningitis if more favorable in 
patients with HIV infection and severe immunodeficiency than 
in those without obvious immune impairment (4). There is also 
some evidence that cryptococcal infection in the lung predisposes 
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the host to develop allergic inflammation that could progress to 
hyperreactive airway diseases, such as asthma (64–66).

Damage to BBB
The major cause of mortality and morbidity during cryptococcosis 
is meningoencephalitis. For C. neoformans to invade the central 
nervous system yeast cells must cross the BBB. C. neoformans 
crosses the BBB by two mechanisms: transcytosis, whereby yeast 
cells transit directly through endothelial cells and a Trojan Horse-
like mechanism involving carriage inside an infected macrophage 
(67–69). The former mechanism involves undermining the integrity 
of the BBB (70) and is enhanced by brain inositol (71). The yeasts 
are trapped in the brain capillaries because of their size, allowing 
for active transcytosis (12). For the efficient Trojan horse crossing,  
C. neoformans must survive inside macrophage and, as noted 
above, fungal-mediated damage to the phagocytic cell enhances 
intracellularly cryptococcal survival. However, it is still poorly 
understood if the crossing of the BBB merely causes a transient 
disruption in integrity of the BBB or whether it has more perni-
cious consequences. One could hypothesize that entrapment of 
yeast in brain capillaries cause ischemia to surrounding tissues 
but this issue has not been formally addressed.

Tissue Masses
A distinctive feature of many cases of cryptococcal meningoen-
cephalitis is the formation of masses of yeast cells in the brain with 
little or no inflammation (Figure 1). This feature distinctively dis-
tinguishes these structures from granuloma where inflammation 
and immune response are well organized. These structures are so 
distinctive that they have been referred as “soap bubbles” as they 
are composed of gelatinous pseudocysts composed of packed 
C. neoformans cells with a particular appearance in magnetic 
resonance imaging (72). For masses of C. neoformans to form in 
the brain, they must grow in a manner that displaces or destroys 
brain tissue to create the space for the fungal mass. Given the pro-
pensity of C. neoformans to replicate inside cells and trigger host 
cell death such soap bubble anatomic lesions could be the result 
of progressive lysis of host cells at the fungal–brain interface. In 
this regard, C. neoformans can replicate inside microglial cells, 
the brain resident macrophage population (73). Alternatively, it is 
possible that such lesions represent fungal replication that creates 
spaces in the brain through compression of brain tissue through 
the force generated by fungal replication. Hence, irrespective of 
the mechanism of formation, soap bubble lesions represent prima 
facie evidence of direct fungal damage to brain tissue.

ORgANiSM DAMAge

At the organism level the combination of molecular, cellular, and 
tissue damage leads to cryptococcosis (Figure 1). The damage–
response framework of microbial pathogenesis posits that disease 
occurs when host damage is sufficient to affect hemostasis, which 
in turn produces clinical symptoms (74). For C. neoformans 
infections, host damage can come from both the microbe, as 
reviewed in this essay, and from the immune response (3, 4, 75). 
Although a discussion of how tissue damage results in clinical 

signs and symptoms that can ultimately lead to death is beyond 
the scope of this review, there is a clear connection between the 
types of damage discussed here and the disease.

ReLATiON OF CYTOTOXiCiTY  
TO eNviRONMeNTAL SeLeCTiON 
PReSSuReS—AMOeBA

Evolution of C. neoformans virulence, virulence being defined as 
capacity to survive or to cause disease in mammalian hosts, was 
proposed to arise from selection pressures in the environment by 
phagocytic predators such as amoeba (76, 77). According to this 
view, C. neoformans virulence factors needed for animal patho-
genicity function emerged as characteristics that protect fungal 
cells against phagocytic predators. For example, the capsule, 
melanin, and phospholipase each contribute to fungal cell survival 
when preyed upon by amoeba (76). The outcome of amoeba– 
C. neoformans interactions is highly dependent on the conditions 
of the experiment. In conditions where there are minimal nutri-
ents such as phosphate-buffered saline, C. neoformans is ascend-
ant but the reverse occurs when there are nutrients for amoeba 
(48). The presence of extracellular Ca2+ and mg2+ is enough to 
tilt the balance of the host–C. neoformans and allow amoeba to 
kill a significant portion of C. neoformans (78). Although far less 
is known about how C. neoformans damages amoeba than for 
mammalian cells, it is likely to have parallels in the mechanisms 
for cytotoxicity. In this regard, accumulation of polysaccharide-
containing vesicles was observed in the cytoplasm of amoeba that 
ingested C. neoformans (76).

A SYNTHeSiS FOR C. neoformans-
MeDiATeD HOST DAMAge

For the purposes of this essay, we have considered host damage as 
a function of size scales but it is important to stress that damage 
is continuous from the molecular to organism level (Figure  1). 
Disseminated cryptococcosis is a rare disease in hosts with intact 
immunity, which means that host defense mechanisms are highly 
effective at confiding damage form inhaled C. neoformans to the 
molecular and cellular level in the lungs, such that damage does not 
rise to the level where homeostasis is affected and clinical symptoms 
ensue. Since cryptococcal infection is common and diseases is rare, 
and C. neoformans are common in the environment, it is likely 
that repeated cycles of macrophage infection occur in the lives of 
human hosts. Although we do not know the sequence of events 
that follow these interactions, the fact that these are asymptomatic 
suggests fungal control in the lung with minimal tissue damage. 
However, once there is impairment to the immune system, com-
monly following immunosuppression, HIV infection or iatrogenic, 
cryptococcal infection transforms from silent or latent, to a slow 
but inexorable progressive condition that invariably kills the host 
without aggressive therapy. However, more than a half century 
after the introduction of the first antifungal agent in the form of 
amphotericin B, the mortality and morbidity of cryptococcosis 
remains stubbornly high. Improvements in therapy may require a 
better understanding of the mechanisms of host damage that will 
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allow the development of new therapeutic interventions. A critical 
synthesis of how the various types of host damage synergize to 
impair tissue function is an important next step for understanding 
the pathogenesis of cryptococcosis.
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Cryptococcal meningoencephalitis is responsible for upwards of 15% of HIV-related 
deaths worldwide and is currently the most common cause of non-viral meningitis in 
the US, affecting both previously healthy and people with immune suppression caused 
by cancer chemotherapy, transplantation, and biologic therapies. Despite a continued 
30–50% attributable mortality, recommended therapeutic strategies have remained 
largely unchanged since the 1950s. Recent murine models and human studies exam-
ining the role of the immune system in both susceptibility to the infection as well as 
host damage have begun to influence patient care decisions. The Damage Framework 
Response, originally proposed in 1999, was recently used to discuss dichotomous etiol-
ogies of host damage in cryptococcal disease. These include patients suffering microbi-
ological damage with low host immunity (especially those immunosuppressed with HIV) 
and those having low (live) microbiological burden but high immune-mediated damage 
(HIV-related immune reconstitution syndrome and non-HIV-related postinfectious inflam-
matory response syndrome). Cryptococcal disease in previously healthy hosts, albeit 
rare, has been known for a long time. Immunophenotyping and dendritic cell-T cell 
signaling studies on cerebral spinal fluid of these rare patients reveal immune capacity 
for recognition and T-cell activation pathways including increased levels of HLA-DR and 
CD56. However, despite effective T-cell signals, brain biopsy and autopsy specimens 
demonstrated an M2 alternative macrophage polarization and poor phagocytosis of 
fungal cells. These studies expand the paradigm for cryptococcal disease susceptibility 
to include a prominent role for immune-mediated damage and suggest a need for careful 
individual consideration of immune activation during therapy of cryptococcal disease in 
diverse hosts.

Keywords: Cryptococcus, cryptococcal, meningoencephalitis, meningitis, neurology, infection, fungus

inTRODUCTiOn

Cryptococcus is an opportunistic fungus, which most frequently presents as a pulmonary infection or 
meningoencephalitis. Cryptococcosis has a high impact on immunocompromised populations such 
as patients with HIV-AIDS and a wide array of non-HIV patients including those with hematopoietic 
malignancies, autoimmune diseases, or genetic immunodeficiency syndromes, as well as patients 
receiving immunosuppressive cancer-therapies, undergoing transplant conditioning, in combina-
tion with age-related immunosenescence (1–5). HIV-related cryptococcal meningitis (CM) is one 
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the most common causes of adult meningitis with an estimated 
223,100 cases and 181,100 deaths in 2014, globally (6, 7). In coun-
tries with access to optimal medical care, non-HIV CM accounts 
for at least 25% of all CM-related hospitalization and deaths and 
is currently the leading cause of non-viral meningitis in the U.S. 
(2, 8–10). Interestingly, there are rare reports that as much as 30% 
of non-HIV patients with cryptococcal infection were previously 
healthy with no known underlying condition (11).

Cryptococcus is a basidiomycete yeast with over 30 known 
species; however, the majority of human infections are caused 
by either Cryptococcus neoformans and Cryptococcus gattii.  
C. neoformans is the main source of infections in CM patients 
with CD4+ T-cell deficiency while C. gattii is a predominant 
species in the previously healthy (12, 13). C. neoformans and  
C. gattii both can both be found in the vicinity of a variety of 
trees, and C. neoformans can also be found in soils and bird feces 
(14). Although the life-cycle of Cryptococcus is not dependent on 
an animal host, C. neoformans has the potential to infect a wide 
range of warm- and cold-blooded species (15). Cryptococci are 
considered sapronotic due to their ability to cause an opportunis-
tic infection without coevolution of a host–parasite virulence (16) 
although molecular optimization of virulence has been noted in 
environmental strains after mammalian residence (17). Key to 
infecting such a wide-ranging host population is its adaptation 
to environmental conditions and defenses against innate plant 
defenses as well as phagocytic predators such as parasites and 
insects (18–21).

CRYPTOCOCCAL inFeCTiOn

Cryptococcal infection is believed to be transmitted by inhala-
tion of infective particles such as yeast cells and/or spores from 
an environmental source. It is believed that humans encounter 
the organism early in life, evident by the gradual increase of 
cryptococcal-specific antibodies in humans with age (22) and 
isolation of infective strain types from the country of origin in 
immigrant patients later presenting with HIV/AIDS-related CM 
(23). As most immunocompetent humans are asymptomatic and 
resolve the infection, there are limited observations as to the 
mechanism in which infection is cleared. Cryptococcus spp. has a 
unique repertoire of immune reactivity from other fungi because 
of distinguishing attributes such as a large polysaccharide capsule 
that limits exposure to immune dominant carbohydrate epitopes 
(20), immunomodulatory enzymes such as a phenol oxidizing 
and cytokine-inducing laccase (24), and a robust tolerance to low 
nutrient conditions such as within brain tissues (25, 26).

innATe ReCOGniTiOn

Although no single pattern recognition receptor (PRR) has been 
shown to be required for binding of Cryptococcus, it is hypoth-
esized that alveolar macrophages recognize Cryptococcus and ini-
tialize the immune response through multiple receptors such as 
Dectin-1, Mincle, mannose receptor, CD14, and toll-like receptors 
(TLRs) (Figure 1.1) (27–30). The role of AMs and phagocytosis is 
believed to be critical during early infection, as observed in vivo 
imaging studies and animal models demonstrating enhanced 

susceptibility after AM depletion (31, 32). The complexity of how 
PRRs impact the immune response to cryptococcal infection is 
still being studied as there may be redundancy among them. For 
example, TLRs 2, 4, and 9 individually appear to play only a minor 
role, although the use of agonists in  vitro enhances the proin-
flammatory responses by microglial cells to Cryptococcus (33). 
NOD-like receptor family pyrin domain containing 3 (NLRP3) 
is another cryptococcal recognizing PRR and has been shown in 
mice to be involved with leukocyte infiltration in the lung during 
infection (34). Interestingly, in vitro, NLRP3 activation appears to 
be inhibited by capsulated cryptococcal cells further suggesting 
that PRRs may have a more important role during early infection 
(35). Some PRRs have been linked to specific immune responses 
such as scavenger receptors B1 and SR-B3, which appear to be 
important for the induction of IL-1β (36). Macrophage recep-
tor with collagenous structure (MARCO) is also a scavenger 
receptor which plays a role in cellular recruitment to the lung, 
cytokine production, and pathogen uptake by mononuclear 
phagocytes during early stages of cryptococcal infection (37). 
However, during the adaptive phase of infection, mice deficient 
in MARCO have improved fungal clearance which is marker 
by a type-I skewed immune response. Although MARCO plays 
an important role initially during infection, it is believed that 
Cryptococcus is capable of exploiting MARCO to polarize toward 
a non-protective immune response (38). There are other recogni-
tion receptors such as scavenger receptor A (SR-A) that are also 
associated with poorer response to Cryptococcus. SR-A-deficient 
mice show enhanced fungal clearance, which was correlated with 
decreased production of IL-4 and IL-13 (39). This may be linked 
to the unique cell wall composition of C. neoformans compared 
to other fungi, which contains high levels of acetylated chitin and 
deacetylated chitosan polymers (40). Furthermore, the binding 
of PRRs will become hindered as the infectious propagule starts 
forming the polysaccharide capsule, thus, it is believed that the 
successful phagocytosis of Cryptococcus also requires antibody- 
or complement-type opsonins (41, 42).

iniTiATiOn OF THe iMMUne ReSPOnSe

Although recognition and phagocytosis are important in induc-
tion of the immune response to Cryptococcus, the processes and 
pathways involved in breaking down and clearing pathogens 
and their antigens are also critical steps to mounting an optimal 
immune response. One clinical study observed that in vitro mac-
rophage phagocytosis was directly correlated with clinical out-
come (43). This suggests that other factors including phagocyte 
polarization and lysosomal activity may also need to be regulated 
for successful clearance.

Unlike other intracellular pathogens such as Mycobacterium 
tuberculosis, cryptococci do not interfere with phagosome forma-
tion or maturation; however, they are capable of surviving within 
vesicles or escaping by phagosome permeabilization or vesicular 
release (44–47). C. neoformans is thus capable of using mac-
rophages as a host for immune evasion, and can escape through 
expulsion, lysis, or rupture due to excessive intracellular prolif-
eration (47, 48). Alveolar macrophages are required; however, to 
recruit monocytes and dendritic cells (DCs) primarily through 
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the lung. (3) Recruited DCs are capable of breaking down cryptococcal lifeforms and present antigen to CD4+ T-cells. (4) Activated T helper 1 and Th17 T-cells 
secrete IFNγ, IL-6, IL-10, and granulocyte-macrophage colony stimulating factor (GM-CSF) to recruit and differentiate classical (M1) macrophages. (5) The exact 
mechanism of fungicidal activity by M1 macrophages against Cryptococcus is still unclear in humans; however, they are known to upregulate iNOS, CD80, and 
TLR4 as well as produce IL-1β, IL-8, and TNFα. (6) The cytokine and chemokine mileu organize the leukocytes to encapsulate and eliminate cryptococcal organisms 
within granulomas. The most common association with cryptococcal disease (7) is the absence or dysfunction of at least one aspect of the healthy immune 
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inflammatory damage to the host tissue even with fungal clearance.
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the production of macrophage chemotactic protein 1 (MCP1). 
In rats, MCP1 (also known as CCL2) and its receptor, CCR2, are 
essential for the recruitment of DCs, formation of granulomas, 
antigen presentation, and T-cell responses (Figure 1.2) (49, 50). 
Granulomas are a sign for control of infections and are composed 
of macrophages and giant multinucleated cells that contain 
cryptococcal cells, as well as CD4+ T-cells. These granulomas 
encompass the fungi and often resolve without additional medi-
cal assistance, but treatment with antifungal therapy or surgical 
removal of the lesions may expedite recovery. It has also been sug-
gested that cryptococci may also be able to latently persist within 
granulomas and macrophages without degradation (51, 52).  
In patients with HIV-related pulmonary cryptococcosis, multi-
nucleated giant cells are still present; however, the cryptococci are 
mainly extracellular and propagate within alveolar spaces (53). 
DCs are considered the primary antigen-presenting cell (APC) 
in the context of cryptococcal infection and have an advantage 
over macrophages in stimulating T-cell proliferation (54). 
Recruited DCs phagocytose cryptococcal bodies, which then 
are passaged through lysosomes to be degraded by both oxida-
tive and non-oxidative mechanisms (Figure  1.3) (54, 55). For 
example, cathepsin-B has a non-enzymatic role to fracture the 
cell wall through osmotic lysis. Degraded components are then 

loaded onto major histocompatibility complex class II to initiate 
the adaptive immune response through CD4+ T-cell stimulation 
(Figure 1.4) (56). Eosinophils from a rat model of cryptococcosis 
have also been demonstrated to have the ability to phagocytose 
cryptococci and prime of CD4+ and CD8+ T-cells, in vitro (57) 
although their role in human infections is less clear. Their ability 
to function as APCs is associated with a decrease in nitric oxide 
and hydrogen peroxide production, followed by migration to the 
lymphatic system (58). However, their involvement in priming 
the adaptive immune response is associated with increased fungal 
burden and lung pathology by skewing immunity toward a type-
II response (59, 60).

THe ADAPTive iMMUne ReSPOnSe

Involvement of the adaptive immune compartment is critical 
for control of a cryptococcal infection; however, it may also 
have a detrimental affect depending on the type of response. In 
draining lymphoid tissues, APCs carrying cryptococcal antigens 
stimulate several types of lymphocytes including CD4+ T cells, 
CD8+ T cells, and natural killer T cells. Once activated, CD4+ 
T-cells can further differentiate into unique effector subsets with 
distinctive cytokine profiles including: T helper 1 (Th1), Th2, and 

388

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Elsegeiny et al. Immunology and Rational Approaches to Cryptococcal Infections

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 651

Th17 cells. Cxcr5+ T follicular helper cells are also induced and 
primarily function to stimulate B cell maturation and antibody 
production, as well as activate inflammatory macrophages  
(61, 62). Th1 and Th17 cells are recognized by their production 
of IFNγ and IL-17, respectively, and both help mediate the reso-
lution of cryptococcal infection. On the other hand, Th2 cells, 
which are described as producers of IL-4, IL-5, and IL-13, are 
associated with more of a detrimental outcome such as increases 
in inflammation, worsened pathology, and increased risk of dis-
semination. In both humans and experimental murine models, 
deficiencies in type-II responses is linked with enhanced control 
of fungal burden and diminished eosinophilia, inflammation, 
airway damage, and dissemination (63, 64).

Interestingly, patients with HIV infection will gradually 
shift from a type-I to a type-II immune response profile, thus 
developing an increased vulnerability to cryptococcal infection 
(65). Profiling studies performed by Jarvis et al. on the cytokines 
and chemokines produced by stimulated peripheral blood 
mononuclear cells (PBMCs)-derived CD4+ T-cell as well as 
within cerebral spinal fluid (CSF) of patients with HIV-related 
CM have provided some immunological associations with 
survival (66, 67). Increased levels of IL-6, IL-8, IL-10, IL-17, 
IFN-γ, tumor necrosis factor (TNF), and CCL5 within the CSF 
correlated with high white cell counts, macrophage activation, 
reduced cryptococcal burden, and survival. A high proportion of 
IFN-γ and TNF double producing PBMC-derived CD4+ T-cells 
was also associated with survival (68). This study corroborates 
the critical importance of maintaining a Th1/Th17 profile in both 
cryptococcal pulmonary infection and meningoencephalitis. 
Most CM studies have been performed in the context of HIV 
patients and C. neoformans; however, little is known about the 
immune profile in patients with non-HIV CM, particularly those 
with C. gattii infection.

HUMORAL iMMUniTY TO Cryptococcus

As previously mentioned, serum antibodies to Cryptococcus can 
be detected in early life. However, immunocompromised patients 
at risk for cryptococcal infection appear to have a defect in anti-
body responses, such as loss of glucuronoxylomannan (GXM), a 
capsular component reactive B-cells, as well as overall lower levels 
of peripheral blood memory IgM B cells (69, 70). Lower serum 
GXM-IgM antibody levels in both HIV+ as well as HIV− solid 
organ transplant patients is also associated with increased risk 
for development of cryptococcosis (71–73). Antibody-mediated 
phagocytosis may be important as the increase in capsular size 
has been shown to reduce complement-mediated phagocytosis 
(74). Furthermore, murine studies have demonstrated that 
the murine equivalent of IgM memory B  cells, B-1 cells, can 
dampen fungal growth in  vitro and in  vivo, by inducing an 
earlier T-cell response, reducing dissemination, and enhancing 
macrophage phagocytosis (75–78). Additionally, adoptive trans-
fer of IgM-sufficient wild-type mouse serum into Rag1−/− mice 
demonstrated enhanced alveolar macrophage phagocytosis and a 
reduction in early dissemination compared to mice treated with 
IgM-deficient serum. The use of vaccines or antibody therapy to 

boost antifungal titers may thus provide protection against the 
development of cryptococcal disease (79–81).

CRYPTOCOCCAL eLiMinATiOn

The primary mechanism for pulmonary clearance is the forma-
tion and resolution of granulomas by macrophages. However, as 
previously mentioned, Cryptococcus is capable of surviving within 
resident alveolar macrophages, thus the macrophages required 
for clearance must be recruited and activated by CD4+ T-cell sig-
nals. Macrophages stimulated under Th1/Th17 or Th2 cytokine 
profiles become skewed toward either classical or alternative 
activation, respectively. Classically activated (M1) macrophages 
are primarily induced by IFNγ and lipopolysaccharide, while 
type-2 cytokines including IL-4 and IL-13 induce alternatively 
activated (M2) macrophages and function through production 
of proline and polyamines (82). M1 and M2 macrophages in vitro 
have demonstrated different outcomes during intracellular para-
sitism by C. neoformans with type-1/type-17 conditions having 
enhanced fungicidal activity (Figure  1.5) (83). Furthermore, 
STAT1-deficient mice, which are deficient in M1 macrophages 
due to an inability to generate a strong Th1 profile, have a defect 
in anti-cryptococcal activity, which correlated with a decrease in 
NO production (84). In the previously mentioned cohort of non-
HIV patients with CM, although there were intact Th1 signaling 
found in the CSF, autopsy results revealed an overrepresentation 
of M2 macrophages within central nervous system (CNS) tissues 
(85). Similarly, patients with granulocyte-macrophage colony 
stimulating factor (GM-CSF) autoantibodies are also at risk 
for CM and have an abundance of Th1 CD4+ T-cells, but also 
have a skewed M2 macrophage phenotype (86, 87). Activated 
M1 macrophages, with CD4+ T-cells, resolve the infection by 
entrapping and degrading the cryptococcal propagules through 
the formation of granulomas (Figure 1.6).

BRAin DiSSeMinATiOn

Uncontrolled cryptococcal infection will inevitably disseminate 
into the (CNS) leading to a life-threatening CM. There are cur-
rently three known methods of cryptococcal dissemination from 
the lung: (1) the disruption of blood vesicle integrity allowing 
passive transport into the blood stream, (2) intact endothelial 
cells may phagocytose the spores from the lung and expulse 
them into the blood stream, (3) macrophages may act as a Trojan 
Horse by transporting phagocytosed spores to the brain, and 
regurgitating the spores in a process known as vomocytosis. Both 
microbial and host factors have been identified to be involved 
in CNS invasion, including cryptococcal matrix metalloprotease, 
production of a urease enzyme (88), and increases in host brain 
inositol levels (89, 90).

nOn-Hiv FACTORS OF SUSCePTiBiLiTY

Over 1,000 cases of CM are reported to occur in previously 
healthy people in the U.S. annually. Studying this popula-
tion reveals unique vulnerability risks, including previously 
undiagnosed, rare immune-associated monogenic disorders or 
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autoimmune diseases. Patients with autoantibodies to (GM-CSF) 
and interferon-gamma (IFNγ) were recently demonstrated to 
be susceptible to CM, emphasizing the T-cell/monocyte signal-
ing pathway that is required for a successful immune response  
(86, 87, 91). Interestingly, poor macrophage function was also 
demonstrated in a cohort of clinically refractory patients by a lack 
of iNOS expression and intact M2-related CD200R1 expression 
using immunohistochemistry of infected brain tissue (85). Further 
studies also demonstrated defective CSF activated macrophage 
TNF-α secretion, which may explain a lack of symptomatology 
and diagnostic delays in non-HIV related CM.

Historically, the most common syndrome associated with risk 
for CM is an idiopathic CD4 lymphopenia (ICL) that presents 
as a non-HIV-associated reduction or loss of CD4+ T-cells. 
The tremendous impact of CM on AIDS patients makes the 
importance of CD4 T-cells self-evident. However, ICL is a very 
heterogeneous disorder that has been implicated as a serious 
risk factor (92, 93) but many patients with ICL remain healthy. 
Recently, the concept of a “two hit” hypothesis was advanced 
by the finding of two ICL patients with CM who had additional 
autoantibodies to GMCSF or an otherwise benign, but func-
tionally significant mutation in the IKBKG/NEMO gene, with 
reductions in NFKB T-cell signaling (94). Similarly, patients 
with monocytopenia, such as patients with a GATA2 deficiency, 
also have increased risk of developing CM (95–97). Monogenic 
disorders such as X-linked CD40L deficiency, chronic granu-
lomatous disease, and Job syndrome are also associated with 
susceptibility to CM (98–100). T-cell suppressing biological 
therapy such as natalizumab or fingolimod is also a risk factor 
(101, 102).

CRYPTOCOCCAL DiSeASe:  
A ReFLeCTiOn OF HOST AnD 
MiCROBiOLOGiCAL FACTORS

Recently, there has been a greater appreciation that host damage 
can occur from either the toxic products of an overwhelming 
microbial infection or a pathological inflammatory response 
to the invading pathogen (Figure 1.7 and Figure 1.8), recently 
termed the damage-framework response (103). Cryptococcal 
disease is a classic example of this phenomenon, often occur-
ring within the same patient during different stages of treatment 
(104, 105). For example, in the setting of HIV infection, clinical 
outcomes of primary therapy are related to clearance of the fun-
gus (106, 107). However, a paradoxical immune reconstitution 
syndrome can also be seen in these same patients whereby, in the 
setting of microbiological control, reconstitution of the immune 
system after initiation of antiretroviral therapy (ART) results in 
a pathological central nervous system inflammatory response 
(7, 108–110). HIV-related CM further exemplifies differences in 
disease at these polar extremes of immune response—a recent 
study of 90 HIV patients with cryptococcal disease found that 
high levels of Th1-related cytokines INF-gamma and IL-6 were 
predictive of 2-week initial survival when pathogen load was 
high; whereas, the development of symptomatic cIRIS was associ-
ated with elevated activation with increased macrophage-related 

cytokines such as CCL2/MCP-1, CCL3/MIP1a, and GM-CSF 
(67).

Similar to HIV-related disease, in the initial stages of therapy of 
non-HIV patients, failure to achieve negative CSF fungal cultures 
at 2 weeks is associated with clinical failure (107). However, many 
more such patients develop refractory symptoms and/or clinical 
deterioration despite microbiological control, recently described 
in previously healthy patients as a postinfectious inflammatory 
response syndrome. Similar to that encountered with cIRIS in 
HIV, these patients have an activated CD4+ T-cell intrathecal 
compartment with minimal Th2 presence (85). Additionally, these 
patients have high levels of CD4+ T-cells in the CSF and within 
the intracranial Virchow–Robin channels, which displayed an 
activated phenotype, as measured by HLA-DR4 and CD56 posi-
tivity. Elevated Th1 CSF soluble cytokines such as INF-gamma 
and interferon-related CXCL10 confirmed the activated T-cell 
phenotype. In addition, a strong relationship between the T-cell 
activation marker, sCD27, and elevations of the axonal damage 
marker, neurofilament light chain protein, suggest that such 
inflammation is not a benign event, but pathological (85, 111).  
These observations were surprising as these conditions typi-
cally define a successful immune response, as understood from 
susceptibility studies in HIV-related disease. However, as 
described above, many of the previously healthy have defects in 
macrophage polarization, allowing disease susceptibility in the 
face of unrestrained T-cell-mediated host damage. Such findings 
also highlight the limitations of applying disease principles from 
one host to another without careful consideration.

TReATMenT: TOwARD A MORe 
RATiOnAL APPROACH TO ADJUnCTive 
THeRAPY

Treatment strategies for patients with CM should be devel-
oped to address damage caused by both the microbe and the 
pathological immune response; the disease framework is a useful 
guide (Figure 1.7 and Figure 1.8) (104). In the initial therapy of 
all patients, treatment with antifungals with a fungicidal agent 
such as amphotericin B is paramount and is typically continued 
with oral azole therapy to prevent relapse after initial negative 
CSF cultures (112–114). Those with low immunity (HIV prior 
to ART or patients with a skewed Th2 response to Cryptococcus), 
may benefit from potential immune adjuvants such as IFNγ to 
accelerate microbiological control (115). In these cases, rates of 
clearance of CSF fungal cultures (early fungicidal activity) may be 
an important parameter (67, 106, 107). However, in HIV patients 
who have developed cryptococcal immune reconstitution inflam-
matory syndrome (cIRIS) or in refractory non-HIV patients after 
microbiological control, attention needs to be drawn to the host 
damage side of the disease model—to minimize pathological 
effects of a dysregulated host response. In this setting, applica-
tion of immune enhancers such as IFNγ therapy (116) may lead 
to exacerbated inflammation and potentially cause irreparable 
neurological damage (85). In these patients, use of adjunctive immu-
nosuppression including corticosteroids is increasingly reported to 
suppress pathological inflammatory responses and control cerebral 
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edema, improving clinical response (85, 115–120). In the pre-
viously healthy CM patient, for example, successful application 
of adjunctive corticosteroids in refractory disease or after clinical 
deterioration requires a personalized strategy. When resources 
are available, CSF culture negativity and measures of CSF inflam-
mation such as sCD27, CSF glucose, or choroid plexitis or epend-
ymitis by MRI imaging can provide specific biomarkers of the 
relative contributions of microbe and host toward understanding 
an individual patient’s condition (85, 120, 121). Biomarkers may 
also be useful guides during corticosteroid tapers to prevent 
exacerbations.

However, applying this type of therapy successfully requires 
careful attention to concurrent microbial control, as corticoster-
oids suppress innate and acquired immune responses needed to 
maintain fungal clearance (122, 123). Indeed, corticosteroids can 
have a deleterious effect when applied without pre-established 
microbial control during primary therapy of HIV-related CM 
(Figure 1.7) (124). The complex heterogeneity of clinical patho-
logies that occur in various patients during HIV-related CM 
requires a thoughtful approach that considers the evolving dam-
age caused by both the fungus and the immune response within 
defined sub-groups. In resource-limited regions, more studies 
are needed to understand the damage-response framework as it 
relates to CM in poorly controlled HIV infection, and to identify 
markers that can tailor resource appropriate therapies. Strategies 
to prevent CM in HIV (125) and to diagnose or empirically treat 
co-infections (126) may have tremendous impact on outcomes 
given the high prevalence of disease in some geographic regions 
(8). Risks for co-infections, such as tuberculosis and bacterial 
infections can be exacerbated without specific therapy in the 
presence of corticosteroids (127).

Other populations with risks for CM such as solid organ 
transplant recipients also require tailored approaches to preven-
tion and treatment. In populations other than HIV, the feasibil-
ity of prevention strategies is limited due to a lower prevalence 
of disease. Much more attention is needed to better define 
appropriate therapeutic strategies. Since diagnosis typically 
occurs late, fungal burden can be high at diagnosis; at the same 
time, relatively intact and variable inflammatory responses can 
lead to exuberant inflammatory neurological damage similar 
to cIRIS (128). In these patients, attention needs to be focused 
on personalizing therapies according to which side of the host 
damage framework is most responsible for neurological pathol-
ogy (128, 129).
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Cryptococcosis is a fungal disease caused by multiple Cryptococcus serotypes; particu-
larly C. neoformans (serotypes A and D) and C. gattii (serotypes B and C). To date, there 
is no clinically available vaccine to prevent cryptococcosis. Mice given an experimental 
pulmonary vaccination with a C. neoformans serotype A strain engineered to produce 
interferon-γ, denoted H99γ, are protected against a subsequent otherwise lethal exper-
imental infection with C. neoformans serotype A. Thus, we determined the efficacy of 
immunization with C. neoformans strain H99γ to elicit broad-spectrum protection in 
BALB/c mice against multiple disparate Cryptococcus serotypes. We observed signifi-
cantly increased survival rates and significantly decreased pulmonary fungal burden in 
H99γ immunized mice challenged with Cryptococcus serotypes A, B, or D compared 
to heat-killed H99γ (HKH99γ) immunized mice. Results indicated that prolonged pro-
tection against Cryptococcus serotypes B or D in H99γ immunized mice was CD4+ 
T cell dependent and associated with the induction of predominantly Th1-type cytokine 
responses. Interestingly, immunization with H99γ did not elicit greater protection against 
challenge with the Cryptococcus serotype C tested either due to low overall virulence of 
this strain or enhanced capacity of this strain to evade host immunity. Altogether, these 
studies provide “proof-of-concept” for the development of a cryptococcal vaccine that 
provides cross-protection against multiple disparate serotypes of Cryptococcus.

Keywords: Cryptococcus neoformans, Cryptococcus gattii, cryptococcosis, host–fungal interaction, fungal 
vaccines, fungal immunology

inTrODUcTiOn

Cryptococcosis is a worldwide fungal disease caused by species in the Cryptococcus neoformans/ 
Cryptococcus gattii species complex (1). C. neoformans and C. gattii cause pneumonia in immu-
nocompromized and immunocompetent individuals and can disseminate to the central nervous 
system resulting in life-threatening meningoencephalitis. Cryptococcal meningoencephalitis is the 
most common disseminated fungal disease in AIDS patients (2) and is responsible for 15% of 
AIDS-related deaths (3). The former species C. neoformans is divided into two species, C. neofor-
mans and C. deneoformans. C. neoformans (serotype A) is distributed worldwide with the highest 
amount of disease cases occurring in sub-Saharan Africa where approximately 21.7 million people 
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currently live with AIDS, and C. deneoformans (serotype D) is 
predominantly geographically restricted to Europe and Latin 
America (3–5). Conversely, C. gattii (serotype B C. deuterogattii 
and serotype C C. bacillisporus) predominantly occurs in tropical 
and subtropical climates (6–8). However, cryptococcosis due to 
C. gattii is also observed in more temperate climates including 
British Columbia, Canada, and southwest, southeast, northwest, 
and northeast regions of the USA and in Mediterranean Europe 
(9–16). Species in the C. neoformans/C. gattii complex can cause 
disease in both apparently healthy individuals and immunocom-
promized hosts such as AIDS patients, individuals on prolonged 
treatment with corticosteroids, and in patients on immunosup-
pressive drugs to prevent rejection of solid organ transplants 
[reviewed by Kwon-Chung et  al. (17)] (7, 8, 18–20). There is 
a higher occurrence of C. gattii disease in immunocompetent 
individuals compared to C. neoformans (20–22). Currently, 
there is no vaccine clinically available to prevent cryptococcosis 
and current drug therapies are often rendered ineffective due 
to the development of drug resistance by Cryptococcus or drug 
toxicity (23). Thus, the overall incidence of disease and mortal-
ity associated with cryptococcosis and the potential expanded 
geographic distribution of the pathogen indicates an urgent need 
for immunotherapies and/or vaccines to combat cryptococcosis.

Results from multiple studies in both humans and animal 
models suggest that cell-mediated immunity (CMI) by Th1-type 
CD4+ T cells is the primary host defense against cryptococcosis 
(24, 25). However, studies suggest that the host immune response 
against C. gattii and C. neoformans differ in that C. gattii infection 
appears to be more immune suppressive, which may explain the 
disparate clinical presentation displayed by these different species 
(26–31). Differences in the host response to various Cryptococcus 
serotypes complicate efforts to devise a vaccine that can provide 
broad-spectrum protection against cryptococcosis caused by 
disparate Cryptococcus serotypes.

Historically, several approaches have been employed to 
develop an anti-Cryptococcus vaccine that generates protective 
antibody mediated and/or cell-mediated immune responses 
against Cryptococcus [reviewed in Ref. (32).]. Recently, studies 
have demonstrated that mice given an immunization with glucan 
particles (GPs) packaged with alkaline extracts from mutant  
C. neoformans or C. gattii strains develop increased survival 
against cryptococcosis (33). Other, studies showed cross-pro-
tection of mice immunized with a heat-killed chitosan deficient  
C. neoformans strain against challenge with C. neoformans or 
C. gattii (34). Rella and colleagues showed that mice vaccinated 
with a C. neoformans mutant strain that lacks the enzyme ster-
ylglucosidase (Δsgl1) are protected against challenge with both  
C. neoformans H99 and C. gattii R265 strains (35).

Studies have shown that mice immunized with a C. neoformans 
strain H99, serotype A, engineered to produce murine interferon 
(IFN)-γ, denoted H99γ, develop protective Th1-type immune 
responses against a subsequent otherwise lethal pulmonary chal-
lenge with wild-type C. neoformans strain H99 (25, 36–40). The 
presence of CD4+ and/or CD8+ T cells are required for protec-
tion during the immunization phase with H99γ but not during 
subsequent challenge with C. neoformans strain H99 (40). These 
results and those by Rella et al. highlight that protection against 

pulmonary cryptococcosis in immunocompetent hosts can be 
maintained in immunosuppressed hosts and that the develop-
ment of a prophylactic vaccine against cryptococcosis is feasible. 
Nonetheless, no studies have shown that protection elicited fol-
lowing immunization with one Cryptococcus serotype provides 
similar levels of cross-protection against all four Cryptococcus 
serotypes.

Consequently, the objective of these studies was to determine 
the potential for an anti-cryptococcal vaccine to provide broad-
spectrum protection against multiple disparate Cryptococcus 
serotypes. We therefore determined the efficacy of immuniza-
tion with C. neoformans strain H99γ to elicit protection against 
experimental pulmonary challenge with disparate cryptococcal 
serotypes in mice. We demonstrate that immunization with C. 
neoformans strain H99γ, serotype A, elicits a predominantly 
protective Th1-type immune response against challenge with dif-
ferent serotypes of Cryptococcus. These data support the premise 
that development of a broad-spectrum prophylactic vaccine 
against cryptococcosis is achievable.

MaTerials anD MeThODs

Mice
Female BALB/c (National Cancer Institute/Charles River 
Laboratories) 4–6 weeks of age were used throughout these stud-
ies. Mice were housed at the University of Texas at San Antonio 
Small Animal Laboratory Vivarium and all animal experiments 
were conducted following NIH guidelines for housing and care 
of laboratory animals and in accordance with protocols approved 
by the Institutional Animal Care and Use Committee (protocol 
number MU021) of the University of Texas at San Antonio.

strains and Media
Cryptococcus neoformans strains H99 (serotype A, mating type 
α), C. deuterogattii strain R265 (serotype B; a kind gift from  
Dr. Joseph Heitman of Duke University Medical Center in Durham, 
NC, USA), C. bacillisporus strain WSA87 (serotype C), and  
C. deneoformans strain R4247 (serotype D) (each kind gifts from 
Dr. Brian Wickes of the UT Health San Antonio, San Antonio, TX, 
USA), and H99γ [an IFN-gamma producing C. neoformans strain 
derived from H99 (38)] were recovered from 15% glycerol stocks 
stored at −80°C prior to use in the experiments described herein. 
The strains were maintained on yeast-extract-peptone-dextrose 
(YPD) media (1% yeast extract, 2% peptone, 2% dextrose, and 2% 
Bacto agar). Yeast cells were grown for 16 h at 30°C with shaking 
in YPD broth, collected by centrifugation, washed three times 
with sterile PBS, and viable yeasts were quantified using trypan 
blue dye exclusion on a hemacytometer.

Pulmonary cryptococcal infections
Cryptococcal infections were initiated as previously described 
(25, 41). Briefly, mice were anesthetized with 2% isoflurane using 
a rodent anesthesia device (Eagle Eye Anesthesia, Jacksonville, 
FL, USA) and given an intranasal inoculation with 1 × 104 CFU of 
Cryptococcus strains H99, R265, WSA87, or R4247 in 50 µl of sterile 
PBS. Alternatively, mice were given an intranasal immunization 
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CD11b-Pe-Cy7 M1170 eBiosciences
CD45-APC 30-F11 eBiosciences
CD45-Pe-Cy7 30-F11 eBiosciences
F4/80-APC BM8 Life Technologies
Ly6G-PE 1A8 BD Biosciences
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Pe-Cy7, CD4 PE
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2C11, CD4 RM4-5

BD Biosciences

CD19-PE 1D3 BD Biosciences
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CD4-PE RM4-5 BD Biosciences
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with 1 ×  104 CFU of C. neoformans strain H99γ or heat-killed 
H99γ (HKH99γ) yeasts in 50 µl of sterile PBS, allowed 70 days to 
resolve the infection and subsequently given an intranasal chal-
lenge with 1 × 104 CFU of H99, R265, WSA87, or R4247 in 50 µl 
of sterile PBS. The inocula used for immunizations and challenges 
were verified by quantitative culture on YPD agar. The mice were 
monitored by inspection twice daily. Mice were euthanized on 
pre-determined days post challenge and lung tissues excised 
using aseptic technique. Tissues were homogenized in 1  ml of 
sterile PBS followed by culture of 10-fold dilutions of each tissue 
on YPD agar supplemented with chloramphenicol (Mediatech 
Inc., Herndon, VA, USA). CFU were enumerated following incu-
bation at 30°C for 48 h. Alternatively, mice intended for survival 
analysis were monitored by inspection twice daily and euthanized 
if they appeared to be in pain or moribund (weight loss, ataxia, 
listlessness, or failure to groom). Mice were euthanized using CO2 
inhalation followed by cervical dislocation.

T cell Depletion
Mice were immunized with 1 × 104 CFU of C. neoformans strain 
H99γ as described above. After 70 days of rest, mice were depleted 
of CD4+ T cells, CD8+ T cells, or both CD4+/CD8+ T cell subsets 
via intraperitoneal administration of anti-CD4 (clone GK1.5) 
and anti-CD8 (clone 2.43) antibodies (Table 1) (each from Cell 
Culture Company/NCCC, Minneapolis, MN, USA) or given iso-
type control antibody (rat IgG2b) (BioXCell, Lebanon, NH, USA). 
Each mouse received 200 µg of GK1.5 and/or 2.43 or control rat 
IgG2b antibodies in a volume of 200 µl PBS 48 h prior to challenge 
with H99, R265, WSA87, or R4247 and weekly thereafter during 
the observation period. The efficiency of T cell depletion in lungs 
and spleens was assessed by flow cytometric analysis using anti-
CD4 and anti-CD8 antibodies that bind epitopes of the CD4 and 
CD8 protein at locations distinct from GK1.5 and 2.43. Efficiency 
was determined to be >98% at each anatomic location for each 

depletion via comparison of T cell subsets in treated mice with 
those in control animals.

cytokine analysis
As previously described (25, 41), cytokine levels in lung tissues 
were analyzed using the Bio-Plex protein array system (Luminex-
based technology; Bio-Rad Laboratories, Hercules, CA, USA). 
Briefly, the left lobe of the lung was excised and homogenized 
in ice-cold sterile PBS (1  ml). An aliquot (50  µl) was taken to 
quantify the pulmonary fungal burden and an anti-protease 
buffer solution containing PBS, protease inhibitors (inhibiting 
cysteine, serine, and other metalloproteinases), and 0.05% Triton 
X-100 was added to the homogenate and then clarified by cen-
trifugation (800 × g) for 10 min. Supernatants from pulmonary 
homogenates were assayed for the presence of IL-1α, IL-1β, IL-1, 
IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, 
IL-17A, CCL5/RANTES, CCL11/Eotaxin, CXCL1/KC, CCL3/
MIP-1α, CCL4/MIP-1β, CCL2/MCP-1, G-CSF, GM-CSF, TNF-α, 
and IFN-γ.

Pulmonary leukocyte isolation
Lungs were excised on days 3, 7, and 14 post challenge and 
digested enzymatically at 37°C for 30 min in 10 ml of digestion 
buffer (RPMI 1640 and 1 mg/ml of collagenase type IV) (Sigma 
Chemical Co., St. Louis, MO, USA) with intermittent (every 
10 min) stomacher homogenizations as previously described (25, 
41). The digested tissues were then filtered through sterile nylon 
filters of various pore sizes (70 and 40 µm; BD Biosciences) and 
washed with sterile HBSS to enrich for leukocytes. Erythrocytes 
were lysed by incubation in NH4Cl buffer (0.859% NH4Cl, 0.1% 
KHCO3, 0.0372% Na2EDTA pH 7.4) for 3 min on ice followed by 
the addition of a twofold excess of PBS. The leukocyte popula-
tion was then washed twice with sterile PBS, suspended in sterile 
PBS + 2% heat-inactivated fetal bovine serum (FACS buffer), and 
enumerated in a hemacytometer using trypan blue dye exclusion. 
Flow cytometry analysis was used to determine the percentage 
of each leukocyte population as well as the absolute number of 
total leukocytes (CD45+) within the lung cell suspension for 
standardization of hemacytometer counts.

Flow cytometry
Standard methodology was employed for the direct immunoflu-
orescence of pulmonary leukocytes (25, 41). Briefly, in 96-well 
U-bottom plates, 100 µl containing 1 × 106 cells in PBS plus 2% 
FBS (FACS buffer) were incubated with Fc block (BD Biosciences) 
diluted in FACS buffer for 5 min to block nonspecific binding of 
antibodies to cellular Fc receptors. An optimal concentration of 
fluorochrome-conjugated antibodies (0.125—1 µg/1 × 106 cells) 
as listed in Table 1 was added in various combinations to allow 
for dual or triple staining, and cells were then incubated for 
30 min at 4°C. Cells were washed three times with FACS buffer 
and fixed in 200 µl of 2% ultrapure formaldehyde (Polysciences) 
diluted in FACS buffer (fixation buffer). Cells analyzed for intra-
cellular cytokine staining were fixed in fixation buffer for 10 min 
in the dark at room temp. The cells were then permeabilized 
with 0.1% saponin (diluted in FACS buffer) and incubated for 
10 min in the dark at room temperature. Antibodies listed in 
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Table  1 were subsequently added at optimal concentrations, 
and cells incubated at 4°C for 30  min. Following incubation, 
cells were washed three times with 0.1% saponin buffer and 
resuspended in fixation buffer. Cells incubated with either 
FACS buffer alone or single fluorochrome-conjugated Abs were 
used to determine positive staining and spillover/compensation 
calculations, and background fluorescence determined with 
FlowJo Software (FlowJo, LLC, Ashland, OR, USA). Raw data 
were collected with the BD FACSArray flow cytometer (BD 
Biosciences) and then analyzed using FlowJo Software. Dead 
cells were excluded on the basis of forward angle and 90° light 
scatter. For data analyses, 30,000 events (cells) were evaluated 
from a predominantly leukocyte population identified by back 
gating from CD45+ stained cells. The absolute number of total 
leukocytes was quantified by multiplying the total number of 
cells observed by hemacytometer counting by the percentage of 
CD45+ cells determined by flow cytometry. The absolute num-
ber of leukocytes (CD45+ cells), T cells (CD4+/CD3+ and CD8+/
CD3+), CD19+/CD45+, Ly6G+/CD45+, F4/80+/CD45+, CD11bint/
CD11c+/CD45+, CD11bhiCD11c+/CD45+, and Siglec-F+/
CD11b+ was determined by multiplying the percentage of each 
gated population by the total number of CD45+ cells. Gating 
strategies are provided as supplemental materials. Intracellular 
cytokine staining is represented in histograms with unstained 
cells as a control.

statistical analysis
The unpaired Student’s t test (two-tailed) was used to analyze the 
immunization studies fungal burden, pulmonary cell populations, 
and cytokine/chemokine data where appropriate using GraphPad 
Prism version 5.00 for Windows (GraphPad Prism Software, San 
Diego, CA, USA). Survival data were analyzed using the log-rank 
test (GraphPad Software). Significant differences were defined as 
*p < 0.05, **p < 0.005, or ***p < 0.0001.

resUlTs

immunization with C. neoformans strain 
h99γ elicits Protection against Disparate 
Cryptococcus serotypes
Previous studies in our lab demonstrated that experimental pul-
monary infection with C. neoformans strain H99γ in mice results 
in clearance of the acute infection and induction of protective 
immunity against a subsequent otherwise lethal challenge with 
a WT C. neoformans strain H99 that does not produce IFN-γ 
(25, 36–40). Nevertheless, studies to date have not demonstrated 
that protective immunity generated against one serotype of 
Cryptococcus affords protection against multiple disparate 
Cryptococcus serotypes. Consequently, we sought to determine 
the level of cross-protection that is generated in mice immunized 
with C. neoformans strain H99γ, a serotype A strain, against 
pulmonary infection with disparate serotypes of Cryptococcus. 
To establish a baseline prior to evaluating if immunization with 
Cryptococcus strain H99γ, serotype A, enhanced protection 
against challenge with disparate Cryptococcus serotypes, we 

first determined the relative virulence of each serotype in non-
immunized mice. To do this, BALB/c mice were given an experi-
mental pulmonary infection with either Cryptococcus strain H99 
(serotype A), R265 (serotype B), WSA87 (serotype C), or R4247 
(serotype D) and evaluated for mortality (Figure 1A). As shown in 
Figure 1A, experimental pulmonary infection with Cryptococcus 
strains H99, R265, and R4247 resulted in 100% mortality with 
median survival times of 28, 32, and 33 days, respectively. In con-
trast, we observed 87.5% survival in mice given an experimental 
pulmonary infection with WSA87. Cryptococcus strain WSA87, 
serotype C, appeared to be significantly less virulent compared to 
all the other strains tested during our analysis.

Next, we tested the potential of mice immunized with  
C. neoformans strain H99γ (serotype A) to be protected against 
challenge with Cryptococcus serotypes B, C, or D. For this, 
mice were immunized with C. neoformans strain H99γ or 
heat-killed H99γ (HKH99γ), rested for 70  days, and separate 
groups subsequently given an experimental pulmonary chal-
lenge with each Cryptococcus serotype. We observed a 100% 
survival rate in mice immunized with H99γ and challenged 
with H99, while the HKH99γ immunized mice challenged 
with H99 demonstrated a median survival time of 28 days post 
challenge (Figure  1B), confirming our previous observations 
(38, 40). Mice immunized with H99γ and then challenged with 
either R265 (C. gattii serotype B) or R4247 (C. deneoformans 
serotype D) exhibited median survival times of 59 and 72 days 
post challenge, respectively, and significantly increased survival 
rates compared to HKH99γ immunized mice challenged with 
the same strain (median survival of 33 and 34.5 days in R265 and 
R4247 challenged mice, respectively; Figure 1B). Additionally, 
we observed a 20% survival rate in protectively immunized mice 
challenged with R4247 at 100  days post challenge. Figure  1B 
shows that no significant difference in mortality was observed 
in H99γ immunized mice challenged with WSA87 (median 
survival time of 90.5 days) compared to HKH99γ immunized 
mice challenged with the same strain (median survival time of 
87.5  days). The mortality of mice immunized with HKH99γ 
and challenged with each Cryptococcus serotype mirrored the 
mortality rates of non-immunized mice given an experimental 
infection with each serotype and provided no additional protec-
tion (Figures 1A,B).

Pulmonary fungal burden was also quantified at days 3, 7, 
and 14 post challenge in H99γ or HKH99γ immunized mice 
challenged with each individual serotype (Figure  1C). Mice 
immunized with HKH99γ and challenged with each species 
showed progressive growth of each serotype in the lungs. In 
contrast, we observed significantly less pulmonary fungal 
burden as early as day 3 in H99γ immunized mice challenged 
with R265 and WSA87 compared to HKH99γ immunized mice 
(Figure  1C). Additionally, H99γ immunized mice showed 
significantly less pulmonary fungal burden following challenge 
with all serotypes on days 7 and 14 post challenge compared 
to HKH99γ immunized mice challenged with the same strain. 
Brain fungal burden was also quantified at day 14 post chal-
lenge and a trend (although not statistically significant) toward 
a reduction of brain fungal burden together with the number 
of mice negative for Cryptococcus in the brain was observed in 
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FigUre 1 | Virulence of disparate Cryptococcus serotypes in non-immunized or serotype A immunized mice. BALB/c mice received an intranasal inoculation (a) 
with 1 × 104 CFU of Cryptococcus strain H99 (serotype A), R265 (serotype B), WSA87 (serotype C), or R4247 (serotype D). Mice were observed for up to 90 days 
for mortality analysis. Alternatively, BALB/c mice received an intranasal immunization (B) with 1 × 104 CFU of either H99γ or HKH99γ, allowed 70 days to resolve the 
infection, and subsequently challenged with individual serotypes of Cryptococcus. Mice were observed for up to 100 days post challenge for survival analysis (B) or, 
alternatively pulmonary and brain fungal burden determined at days 3, 7, and 14 post challenge (c). Pulmonary and brain fungal burden were analyzed from mice 
that appeared moribund or sacrificed at 100 days post challenge with the day the mice were sacrificed indicated below the bars (D). Survival data shown are from 
one experiment, using 8–10 mice per group. Fungal burden data are cumulative of three experiments using 4 mice per group per time point. Numbers above the 
bars represent the number of mice positive for Cryptococcus. *p < 0.05, **p < 0.005, ***p < 0.0001. *Significant increase compared to HKH99γ; τp < 0.05, 
ττp < 0.005, τττp < 0.0001. τSignificant decrease compared to HKH99γ.
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H99γ immunized mice challenged with each serotype compared 
to their HKH99γ immunized counterparts (Figure 1C). Overall, 
our data show that mice immunized with H99γ, serotype A, 
display significant protection against challenge with serotypes A, 
B, or D of Cryptococcus.

Figure  1D demonstrates the fungal burden of moribund 
mice or mice sacrificed at the conclusion of the study. The 
HKH99γ immunized mice challenged with R265 appeared to 
have similar pulmonary fungal burden and less brain fungal 
burden at time of death compared to H99γ immunized mice 
challenged with R265 (Figure  1D). No significant differences 
in pulmonary or brain fungal burden were observed between 
H99γ and HKH99γ immunized mice challenged with WSA87 
(Figure 1D). Both groups of mice immunized with HKH99γ or 
H99γ and challenged with R4247 appear to have similar pulmo-
nary fungal burden and lower brain fungal burden at sacrifice 
with the H99γ immunized mice surviving longer. However, we 
cannot definitively state if the mice succumbed to pulmonary 
and/or brain fungal burden. Overall, immunization with H99γ 
appeared to prolong the survival of mice challenged with each 
serotype.

Pulmonary leukocyte recruitment during 
Pulmonary cryptococcosis is increased in 
h99γ immunized Mice challenged with 
each Cryptococcus serotype
Our next goal was to examine the pulmonary inflammatory 
response in immunized mice during infection with the various 
representative Cryptococcus serotypes. We observed a signifi-
cant increase in the total number of leukocytes recruited to the 
lungs of H99γ immunized mice challenged with H99 at days 3 
and 7 post challenge compared to HKH99γ immunized mice 
(Figure  2A). Additionally, we observed significant increases 
in leukocyte recruitment to the lungs of H99γ immunized 
mice challenged with R265 on days 7 and 14 post challenge, 
H99γ immunized mice challenged with WSA87 on days 3 and 
7 post challenge, and H99γ immunized mice challenged with 
R4247 at each time point post challenge compared to their 
HKH99γ immunized counterparts (Figure 2A). We observed 
an increased total cell number of F4/80+ cells in the lungs of 
H99γ immunized mice challenged with H99 at day 3, R4247 at 
days 3 and 7, and WSA87 at day 14 post challenge compared 
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to HKH99γ immunized mice (Figure 2B). We observed a sig-
nificant increase in the total number of CD11bhi/CD11c+ cells 
recruited to the lungs of H99γ immunized mice challenged 
with H99, WSA87, or R4247 at day 3, each serotype at day 7 

post challenge, and in H99γ immunized mice challenged with 
WSA87 at day 14 post challenge compared to HKH99γ immu-
nized mice challenged with the same serotype (Figure  2C). 
Figure 2C also shows a significant increase in the percentage 
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FigUre 2 | Pulmonary leukocyte populations in immunized mice challenged with different serotypes of Cryptococcus. BALB/c mice were immunized intranasally 
with 1 × 104 CFU of either H99γ or HKH99γ, allowed 70 days to resolve the infection, and subsequently challenged with individual serotypes of Cryptococcus. At 
days 3, 7, and 14 post challenge, lungs were excised, tissues digested, and pulmonary infiltrates were analyzed by flow cytometry. Leukocytes were labeled with 
anti-CD45 (a) or dual labeled with anti-CD45 and antibodies for specific cell types (B–g) and analyzed by flow cytometry. Data shown are the mean ± SEM of 
absolute cell numbers or percentage from three independent experiments performed using 4 mice per group per experiment. *p < 0.05, **p < 0.005, ***p < 0.0001. 
*Significant increase compared to HKH99γ; τp < 0.05, ττp < 0.005, τττp < 0.0001. τSignificant decrease compared to HKH99γ.
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of CD11bhi/CD11c+ cells in H99γ immunized mice challenged 
with R265 or WSA87 at day 7, and WSA87 at day 14 post chal-
lenge. There was also a significant increase in the total number 
of CD11bintCD11c+ cells in H99γ immunized mice challenged 
with H99 at days 3 and 7, R265 at day 7 post challenge, and 
WSA87 at days 7 and 14 post challenge (Figure 2D). Figure 2D 
also shows a significant increase in CD11bintCD11c+ cells in 
H99γ immunized mice challenged with H99 at day 3, while 
we observe a significant decrease in these cells at day 7 in 
H99 challenged mice, and across each serotype at day 14 post 
challenge. The recruitment of Ly6G+ cells to the lungs was 
significantly higher in H99γ immunized mice challenged with 
H99 at days 3 and 7 post challenge, R265 or WSA87 at day 7 
post challenge, and in H99γ immunized mice challenged with 
R4247 on day 14 post challenge compared to their HKH99γ 
immunized counterparts (Figure 2E). While mice immunized 
with H99γ and challenged with H99 are clearing the infection, 
these mice show a significant decrease in the total number and 
percentage of Ly6G+ cells at day 14 post infection compared 
to HKH99γ immunized mice (Figure  2E). We observed a 
significant increase in the total number of Siglec-F+ cells in 
mice immunized with H99γ and challenged with H99 at day 
3 post challenge and WSA87 challenged mice at day 14 post 
challenge (Figure  2F). We observed a significant increase in 
the total number of B  cells in mice immunized with H99γ 
and challenged with H99, WSA87, or R4247 at day 3 post 
challenge, across each serotype at day 7 post challenge, and 
R265 or WSA87 at day 14 post challenge (Figure  2G). For 
the percentage of B  cells, we observed a significant increase 

in H99γ immunized mice challenged with WSA87 or R4247 
across each time point and in mice challenged with R265 at 
days 7 and 14 post challenge (Figure  2G). Overall, our data 
show significantly increased pulmonary recruitment of F4/80+ 
cells, CD11b+/CD11c+ cells, B  cells, and Ly6G+ cells in mice 
immunized with the serotype A Cryptococcus strain H99γ 
following challenge with various other Cryptococcus serotypes 
which, altogether, may contribute to the increased protective 
responses observed in these mice.

immunization with h99γ elicits elevated 
Proinflammatory and a Predominant  
Th1-Type cytokine response following 
challenge with Disparate Cryptococcus 
serotypes
The pulmonary fungal burden and mortality analysis suggested 
that mice immunized with H99γ were able to mount protec-
tive responses against challenge with disparate Cryptococcus 
serotypes. Therefore, we evaluated cytokine levels in the lungs 
of H99γ or HKH99γ immunized mice following challenge with 
each Cryptococcus serotype. Lung homogenates were prepared 
from pulmonary tissues of mice on days 3, 7, and 14 post 
challenge with Cryptococcus serotypes A, B, C, or D, and the 
levels of Th1 associated (IFN-γ, IL-2, IL-12p70), Th2 associ-
ated (IL-4 and IL-5), immunoregulatory (IL-10 and G-CSF), 
and proinflammatory (IL-1α, IL-1β, IL-17A, and TNF-α) 
cytokines and chemokines (CCL3, CCL4, CCL2, CXCL1, and 
CCL5) were determined. We observed that H99γ immunized 
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mice challenged with C. neoformans strain H99 exhibited a 
significant increase in Th1 associated cytokines (IFN-γ, IL-2, 
and IL-12p70) as early as day 3 post challenge that remained 
significantly elevated, except IL-2, through day 7 post chal-
lenge compared to HKH99γ immunized mice challenged with 
H99 (Tables 2 and 3). However, we observed significantly less 
Th1 associated cytokine (IL-12p70 and IFN-γ) production at 
day 14 post challenge in H99γ immunized mice compared to 
HKH99γ immunized mice (Table  4). Also, proinflammatory 
(IL-1α and IL-1β) and immunoregulatory (G-CSF) cytokines 
and chemokine levels (CCL3, CCL4, CCL2, and CXCL1) in 
H99γ immunized mice challenged with H99 were significantly 
less compared to levels observed in HKH99γ immunized mice 
challenged with H99 at day 14 post challenge (Table 4). The 
significant decrease in Th1 associated and proinflammatory 
cytokine and chemokine levels in H99γ immunized mice chal-
lenged with H99 at day 14 post challenge compared to levels 
observed in HKH99γ immunized mice likely coincides with the 
significant reduction in pulmonary fungal burden observed in 
the H99γ immunized mice; whereas, the HKH99γ immunized 
mice are experiencing progressive disease (Figure  1C). Th1 
associated cytokine levels in the lungs of H99γ immunized 
mice challenged with each other serotype were generally 
elevated at day 3 post challenge and remained significantly 
elevated at days 7 and 14 post challenge, particularly cytokines 
IFN-γ and IL-12p70, compared to their HKH99γ immunized 
counterparts (Tables  2–4). For Th2-associated cytokines, we 
observed a significant increase at day 3 post challenge in mice 
that were immunized with H99γ and challenged with each 
serotype [H99 (IL-4 and IL-5), R265, WSA87, or R4247 (IL-5)] 
(Table  2). At day 7 post challenge in mice immunized with 
H99γ, we observed an increase in IL-4 in mice challenged with 
R265 or R4247 (Table 3). By day 14 post challenge, there was 
a statistically significant decrease in Th2 associated cytokines 
(IL-4 and IL-5) across each serotype except for WSA87 chal-
lenged mice that showed significantly increased IL-5 levels 
across days 7 and 14 post challenge (Tables  3 and 4). We 
also observed an overall trend toward significantly increased 
proinflammatory cytokine (IL-1α, IL-1β, and IL-17A), 
immunoregulatory cytokine (G-CSF), and chemokine (CCL3, 
CCL4, CCL2, CXCL1, and CCL5) production as early as day 
3 post challenge that remained elevated through day 7 post 
challenge in H99γ immunized mice challenged with each 
serotype compared to similarly challenged mice immunized 
using HKH99γ (Tables 2 and 3). We observed an overall trend 
toward significantly higher levels of proinflammatory cytokine 
(IL-1α, IL-1β, IL-17A, and TNF-α), immunoregulatory 
cytokine (G-CSF), and chemokine levels (CCL3, CCL4, CCL2, 
CXCL1, and RANTES) was observed in H99γ immunized mice 
challenged with R265, WSA87, or R4247 compared to similarly 
challenged HKH99γ immunized at day 14 post challenge except 
for CCL3 and CXCL1 for R265 challenged mice, and CCL3 
and CCL2 for R4247 challenged mice (Table 4). Altogether, the 
cytokine results suggest that immunization with C. neoformans 
strain H99γ elicits a heightened cytokine anamnestic response 
against multiple disparate serotypes of Cryptococcus compared 
to HKH99γ immunized mice.

Vaccine-Mediated Protection against 
Pulmonary cryptococcosis is associated 
with enhanced Th1-Type immune 
responses
We next evaluated T cell responses in the lungs of immunized 
mice following challenge with the various Cryptococcus serotypes. 
Flow cytometry analysis was utilized to determine levels of CD4+ 
and CD8+ T cell infiltration to the lungs on days 3, 7, and 14 post 
challenge. Also, intracellular cytokine staining of CD4+ T cells for 
representative T helper (Th) 1, Th2, and Th17-type cytokines IFN-
γ, IL-4, and IL-17A, respectively, and subsequent flow cytometry 
analysis was used to access the CD4+ Th cell phenotype during the 
anamnestic response to pulmonary cryptococcosis. We observed 
an overall trend toward increased total numbers of CD4+ and 
CD8+ T cells in H99γ immunized mice compared to HKH99γ 
immunized mice following challenge with each serotype as the 
infection progressed (Figures 3A,B). The total number of CD4+ 
T cells was significantly increased in H99γ immunized mice chal-
lenged with H99, R265, or R4247 at day 3 post challenge, and in 
mice challenged with H99 at day 7 post challenge compared to 
their HKH99γ immunized counterparts (Figure 3A). However, 
there was no significant difference in percentage of CD4+T cells 
between groups. We also observed an increase in the total number 
of CD8+ T cells in H99γ immunized mice challenged with H99, 
WSA87, or R4247 at day 3 post challenge, in mice challenged 
with H99, R265, or WSA87 at day 7 post challenge, and in R265 
or WSA87 challenged mice at day 14 post challenge compared 
to HKH99γ immunized mice challenged with their equivalent 
serotype (Figure 3B). A significant increase in the percentage of 
CD8+ T cells was observed in mice immunized with H99γ and 
challenged with R265 or R4247 at day 14 post challenge compared 
to their HKH99γ immunized counterparts.

Overall, we observed significant increases in the total number 
of CD4+/IFN-γ+ T cells followed by CD4+/IL-17A+ T cells and 
then CD4+/IL-4+ T cells at day 7 post challenge in H99γ immu-
nized mice challenged with each serotype compared to HKH99γ 
immunized mice challenged with the corresponding serotype 
(Figures 3C–E). We observed greater total CD4+/IFN-γ+ T cell 
numbers in H99γ immunized mice challenged with H99 com-
pared to H99γ immunized mice challenged with R265, WSA87, 
or R4247 at day 7 post challenge (Figure  3C). These results 
suggest that mice immunized with H99γ are capable of eliciting 
a predominantly Th1-type anamnestic response upon challenge 
with each disparate Cryptococcus serotype. These data show that 
mice immunized with the serotype A strain exhibit an increased 
putatively protective Th1-type immune response following chal-
lenge with other disparate serotypes.

Protection afforded by immunization with 
h99γ against serotypes B and D of 
Cryptococcus requires cD4+ T cells
Previous studies in our lab demonstrated that H99γ immunized 
mice depleted of CD4+ or CD8+ T cells were completely protected 
against an otherwise lethal challenge with the non-IFN-γ pro-
ducing C. neoformans strain H99 (40). Also, H99γ immunized  

402

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


TaBle 2 | Cytokine levels within lung homogenates of H99γ and HKH99γ immunized mice infected with each serotype.

Day 3 post challenge

hKh99γ h99γ hKh99γ h99γ hKh99γ h99γ hKh99γ h99γ

h99 r265 Wsa87 r4247

Th1 associated
Interferon (IFN)-γ 5.88 ± 1.45 12.57 ± 1.84* 4.26 ± 1.07 6.461 ± 0.9474 5.59 ± 1.55 5.94 ± 0.68 3.22 ± 0.71 6.40 ± 0.89*
IL-2 26.03 ± 6.49 109.30 ± 18.96** 17.98 ± 3.66 21.3 ± 2.35 22.15 ± 6.41 35.64 ± 4.94 15.09 ± 3.28 27.58 ± 4.31*
IL-12p70 13.51 ± 0.72 69.90 ± 8.56*** 14.95 ± 0.58 27.9 ± 1.754*** 16.04 ± 4.42 34.21 ± 3.23** 9.91 ± 1.08 29.20 ± 3.97***

Th2 associated
IL-4 4.15 ± 1.40 34.58 ± 6.29*** 4.36 ± 1.33 5.873 ± 1.514 4.58 ± 1.31 9.25 ± 2.39 4.22 ± 1.27 6.02 ± 1.42
IL-5 2.49 ± 0.24 10.96 ± 0.94*** 2.26 ± 0.30 4.729 ± 0.4244*** 2.91 ± 0.63 6.32 ± 0.52*** 2.00 ± 0.19 5.43 ± 0.27***

Proinflammatory
IL-1α 142.40 ± 25.02 20.86 ± 3.38τττ 16.60 ± 1.85 18.53 ± 0.9751 18.45 ± 3.08 37.21 ± 4.70** 15.58 ± 1.69 23.42 ± 2.61*
IL-1β 45.79 ± 4.72 815.70 ± 124.40*** 46.04 ± 6.80 105.9 ± 8.724*** 45.37 ± 2.90 248.90 ± 40.52*** 37.11 ± 1.94 120.40 ± 18.97***
IL-17A 2.56 ± 0.41 501.70 ± 83.71*** 2.72 ± 0.25 44.56 ± 8.306*** 3.09 ± 0.44 195.50 ± 43.31*** 2.41 ± 0.30 52.92 ± 12.55**
TNF-α 45.64 ± 5.51 64.35 ± 7.17 40.39 ± 4.26 48.37 ± 3.266 38.08 ± 4.85 53.17 ± 4.03* 30.81 ± 2.78 48.19 ± 4.99**

immunoregulatory
IL-10 5.15 ± 0.61 23.05 ± 1.96*** 4.25 ± 0.76 11.18 ± 1.105*** 4.30 ± 0.51 12.78 ± 0.81*** 3.93 ± 0.55 8.90 ± 1.09**
G-CSF 5.22 ± 1.25 510.90 ± 64.82*** 5.27 ± 1.19 45.88 ± 5.85*** 5.62 ± 1.30 135.90 ± 24.62*** 4.76 ± 1.21 64.73 ± 12.34***

chemokine
CCL3/MIP-1α 43.41 ± 5.17 452.80 ± 49.90*** 45.01 ± 3.49 111.60 ± 9.96*** 68.20 ± 24.17 194.70 ± 18.11*** 37.94 ± 1.68 122.20 ± 12.11***
CCL4/MIP-1β 6.64 ± 0.81 79.97 ± 13.09*** 6.27 ± 0.53 16.58 ± 1.97*** 6.35 ± 0.70 35.92 ± 6.91*** 4.72 ± 0.21 17.78 ± 1.94***
CCL2/MCP-1 57.51 ± 8.79 934.30 ± 88.77*** 64.73 ± 4.93 189.30 ± 21.11*** 64.70 ± 6.91 411.70 ± 95.02** 56.65 ± 6.29 183.00 ± 17.56***
CXCL1/KC 26.76 ± 1.74 971.50 ± 94.97*** 34.39 ± 4.76 189.70 ± 31.80*** 32.66 ± 2.49 460.40 ± 79.29*** 26.03 ± 1.98 211.60 ± 31.00***
CCL5/RANTES 152.90 ± 19.47 1241.00 ± 127.50*** 166.60 ± 11.56 321.00 ± 42.19** 273.70 ± 118.80 560.70 ± 49.99* 156.00 ± 10.44 375.60 ± 38.23***

Data shown are expressed as mean ± SEM and are cumulative of three experiments using four mice per group per time point.
Bolded values indicate significance either increased or decreased compared to HKH99γ.
*p < 0.05, **p < 0.005, ***p < 0.0001 significant increase compared to HKH99γ.
τττp < 0.0001 significant decrease compared to HKH99γ.

Van D
yke et al.

C
ross-P

rotection against M
ultiple S

erotypes of C
ryptococcus

Frontiers in Im
m

unology | w
w

w
.frontiersin.org

O
ctober 2017 | Volum

e 8 | A
rticle 1359

403

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


TaBle 3 | Cytokine levels within lung homogenates of H99γ and HKH99γ immunized mice infected with each serotype.

Day 7 post challenge

hKh99γ h99γ hKh99γ h99γ hKh99γ h99γ hKh99γ h99γ

h99 r265 Wsa87 r4247

Th1 associated
IFN-γ 5.23 ± 0.79 13.28 ± 0.88*** 4.83 ± 0.54 10.36 ± 1.08*** 5.29 ± 0.95 10.40 ± 0.42*** 5.70 ± 1.46 9.61 ± 0.62*
IL-2 19.69 ± 5.12 31.41 ± 3.14 24.52 ± 8.36 35.83 ± 4.22 20.02 ± 4.53 37.75 ± 5.55* 24.48 ± 6.46 38.61 ± 4.57
IL-12p70 27.22 ± 5.78 139.60 ± 30.20** 14.19 ± 3.31 77.97 ± 15.14** 13.12 ± 2.53 75.36 ± 5.15*** 16.58 ± 4.11 61.84 ± 6.50***

Th2 associated
IL-4 30.90 ± 14.04 12.87 ± 3.31 1.98 ± 1.30 8.46 ± 1.58** 0.33 ± 0.12 5.19 ± 2.53 0.45 ± 0.16 4.86 ± 1.29**
IL-5 12.51 ± 2.74 8.41 ± 0.72 8.08 ± 2.36 6.89 ± 0.39 0.96 ± 0.37 5.73 ± 1.47** 7.05 ± 0.83 6.97 ± 1.16

Proinflammatory
IL-1α 31.91 ± 5.40 353.40 ± 95.66** 20.30 ± 5.94 109.40 ± 17.98*** 15.39 ± 1.78 152.30 ± 35.52** 18.42 ± 2.24 95.36 ± 17.63***
IL-1β 123.10 ± 23.21 1816.00 ± 409.20** 46.24 ± 4.47 782.00 ± 137.60*** 29.71 ± 3.71 942.80 ± 206.40*** 49.95 ± 7.70 647.60 ± 121.60***
IL-17A 6.84 ± 2.27 663.20 ± 90.46*** 0.62 ± 0.24 454.60 ± 83.45*** 0.47 ± 0.18 669.40 ± 210.30** 0.77 ± 0.23 481.50 ± 112.00***
TNF-α 39.17 ± 3.51 84.68 ± 5.97*** 34.34 ± 1.70 66.83 ± 3.35*** 37.01 ± 3.59 66.90 ± 3.61*** 40.08 ± 4.15 59.52 ± 3.14**

immunoregulatory
IL-10 7.31 ± 0.84 40.08 ± 5.68*** 5.30 ± 0.92 25.05 ± 3.14*** 4.02 ± 0.51 27.08 ± 2.55*** 3.87 ± 0.78 21.09 ± 2.47***
G-CSF 64.74 ± 13.03 408.90 ± 99.61** 5.92 ± 0.85 211.10 ± 44.00*** 3.22 ± 0.34 298.50 ± 89.68** 13.12 ± 2.22 189.40 ± 53.74**

chemokine
CCL3/MIP-1α 138.00 ± 31.56 354.40 ± 36.93*** 44.37 ± 3.16 226.90 ± 15.24*** 29.94 ± 2.05 255.40 ± 53.29*** 34.75 ± 5.91 207.70 ± 37.53***
CCL4/MIP-1β 29.95 ± 6.78 66.32 ± 14.73* 8.82 ± 1.72 40.40 ± 4.68*** 6.86 ± 1.17 43.55 ± 6.54*** 6.77 ± 1.42 31.96 ± 3.67***
CCL2/MCP-1 372.60 ± 95.97 962.50 ± 152.70** 89.06 ± 14.96 713.00 ± 127.20*** 38.46 ± 5.58 636.00 ± 64.17*** 116.90 ± 28.72 474.90 ± 58.73***
CXCL1/KC 268.20 ± 47.52 1055.00 ± 169.70*** 58.81 ± 7.29 774.70 ± 118.20*** 45.73 ± 14.61 782.60 ± 140.60*** 86.95 ± 15.98 643.10 ± 111.40***
CCL5/RANTES 246.70 ± 31.91 1407.00 ± 156.60*** 135.20 ± 6.51 621.90 ± 59.09*** 105.80 ± 8.11 880.10 ± 183.90*** 86.45 ± 11.71 607.50 ± 110.20***

Data shown are expressed as mean ± SEM and are cumulative of three experiments using four mice per group per time point.
Bolded values indicate significance either increased or decreased compared to HKH99γ.
*p < 0.05, **p < 0.005, ***p < 0.0001 significant increase compared to HKH99γ
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TaBle 4 | Cytokine levels within lung homogenates of H99γ and HKH99γ immunized mice infected with each serotype.

Day 14 post challenge

hKh99γ h99γ hKh99γ h99γ hKh99γ h99γ hKh99γ h99γ

h99 r265 Wsa87 r4247

Th1 associated
IFN-γ 8.37 ± 0.60 6.33 ± 0.54τ 7.09 ± 0.74 11.71 ± 0.88** 4.61 ± 0.57 10.52 ± 0.66*** 4.80 ± 0.23 10.82 ± 0.94***
IL-2 15.67 ± 1.19 15.87 ± 3.17 14.14 ± 0.43 28.83 ± 2.17*** 13.21 ± 4.47 28.20 ± 1.48** 9.67 ± 1.21 28.49 ± 1.09***
IL-12p70 78.16 ± 10.72 30.11 ± 2.46τττ 62.74 ± 9.46 130.30 ± 23.33* 21.28 ± 2.23 127.10 ± 20.38*** 41.41 ± 3.31 135.10 ± 21.07***

Th2 associated
IL-4 190.30 ± 33.23 1.37 ± 0.37τττ 102.40 ± 17.90 14.11 ± 4.43τττ 6.38 ± 2.57 4.96 ± 0.96 68.98 ± 7.51 12.23 ± 2.89τττ

IL-5 23.74 ± 5.57 1.83 ± 0.70ττ 73.75 ± 21.66 8.24 ± 0.98ττ 4.95 ± 1.27 8.88 ± 1.09* 74.35 ± 13.94 7.35 ± 0.86τττ

Proinflammatory
IL-1α 151.60 ± 18.96 20.36 ± 2.50τττ 122.20 ± 12.17 380.80 ± 84.73** 29.50 ± 6.28 337.90 ± 46.85*** 105.90 ± 14.39 471.00 ± 39.58***
IL-1β 862.80 ± 218.50 87.04 ± 8.71ττ 398.20 ± 71.61 2434.00 ± 519.10** 82.79 ± 21.65 2346.00 ± 383.20*** 315.20 ± 53.03 2645.00 ± 322.50***
IL-17A 55.84 ± 10.26 33.87 ± 6.83 17.10 ± 4.86 959.40 ± 178.60*** 3.24 ± 1.27 897.10 ± 105.60*** 6.65 ± 2.03 968.90 ± 83.29***
TNF-α 52.10 ± 2.22 46.05 ± 3.00 45.81 ± 2.05 80.03 ± 6.04*** 32.51 ± 2.89 76.46 ± 4.20*** 38.77 ± 1.57 71.21 ± 4.29***

immunoregulatory
IL-10 26.14 ± 1.78 11.61 ± 0.93τττ 27.59 ± 3.00 40.29 ± 4.54* 7.96 ± 0.98 39.11 ± 3.23*** 17.97 ± 1.63 40.08 ± 3.30***
G-CSF 62.52 ± 15.47 5.02 ± 0.42ττ 42.48 ± 4.68 81.41 ± 13.82* 13.80 ± 2.37 110.50 ± 20.14*** 35.52 ± 4.65 88.34 ± 10.39***

chemokine
CCL3/MIP-1α 1023.00 ± 252.10 99.74 ± 21.77ττ 515.30 ± 77.06 362.80 ± 47.70 73.85 ± 15.04 346.10 ± 41.46*** 286.90 ± 44.40 366.10 ± 23.44
CCL4/MIP-1β 40.83 ± 8.61 8.71 ± 1.24ττ 21.83 ± 4.15 40.93 ± 4.74** 8.96 ± 2.82 36.65 ± 4.08*** 18.59 ± 1.98 40.43 ± 2.62***
CCL2/MCP-1 542.50 ± 117.10 93.71 ± 11.92ττ 1244.00 ± 213.40 516.20 ± 71.17ττ 183.80 ± 51.99 585.40 ± 61.80*** 827.00 ± 188.20 486.40 ± 35.50
CXCL1/KC 533.10 ± 57.85 80.39 ± 10.84τττ 496.70 ± 65.65 655.90 ± 70.33 297.00 ± 67.81 751.40 ± 77.80*** 345.20 ± 55.87 625.50 ± 31.55***
CCL5/RANTES 582.60 ± 114.80 305.40 ± 71.84 285.20 ± 27.58 1402.00 ± 240.60*** 201.50 ± 39.46 1623.00 ± 219.30*** 214.70 ± 45.55 1377.00 ± 162.90***

Data shown are expressed as mean ± SEM and are cumulative of three experiments using four mice per group per time point.
Bolded values indicate significance either increased or decreased compared to HKH99γ.
*p < 0.05, **p < 0.005, ***p < 0.0001 significant increase compared to HKH99γ.
τp < 0.05, ττp < 0.005, τττp < 0.0001 significant decrease compared to HKH99γ.
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mice that were subsequently depleted of both CD4+ and CD8+ 
T  cells were shown to have an 80% survival rate following 
challenge with C. neoformans strain H99. Therefore, we sought 
to determine the necessity of T cells in protection against cryp-
tococcosis caused by the different serotypes of Cryptococcus in 
H99γ immunized mice. For this, BALB/c mice were immunized 
with C. neoformans strain H99γ and allowed 70 days to resolve 
the infection. Mice were then depleted of CD4+ and/or CD8+ 
T  cells or received isotype control antibody two days prior to 
challenge and weekly thereafter during the observation period. 
H99γ immunized mice depleted of both CD4+ and CD8+ T cells 
prior to and during challenge with H99 demonstrated an 87.5% 
survival rate upon the conclusion of the study (Figure  4A) 
as previously demonstrated (40). Figure  4 shows that H99γ 
immunized mice treated with isotype control antibodies and 
challenged with R265 (Figure  4B) or R4247 (Figure  4D) had 
similar prolonged survival (median survival times of 65 and 
64.5  days for R265 and R4247 challenged mice, respectively); 
similar to observations demonstrated in Figure 1B. In contrast, 
we observed 100% mortality in H99γ immunized mice depleted 
of CD4+ T cells alone during challenge with R265 (median sur-
vival of 35.5 days) or depleted of CD4+ and CD8+ T cells (median 
survival of 34 days; Figure 4B). Interestingly, H99γ immunized 
mice depleted of CD8+ T cells alone and challenged with R265 
showed increased, although not statistically significant, survival 
(median survival of 80 days) compared to that observed in iso-
type control-treated mice (median survival of 65 days). We also 
observed that H99γ immunized mice challenged with R4247 
while depleted of CD4+ T cells alone experienced 87.5% mortality 
(median survival time of 30.5  days) and 100% mortality upon 
depletion of both CD4+ and CD8+ T cells (median survival time 
of 31.5  days; Figure  4D). Additionally, H99γ immunized mice 
depleted of CD8+ T cells alone and challenged with R4247 had 
increased survival although not statistically significant (median 
survival of 75.5  days) compared to the isotype control-treated 
mice (median survival of 64.5 days). Mice immunized with H99γ 
and subsequently depleted of CD4+ T and/or CD8+ T cells prior 
to and during challenge with WSA87 did not show any differ-
ence in survival compared to the isotype control-treated mice 
(Figure 4C). Overall, we observed that depletion of CD4+ T cells 
resulted in a significant loss of protection against challenge with 
R265 (serotype B) or R4247 (serotype D) in H99γ (serotype A) 
immunized mice, indicating that CD4+ T cells are required for 
broad-spectrum protection against these serotypes.

DiscUssiOn

While the overwhelming majority of Cryptococcus exposures do 
not progress to life-threatening illness, the ubiquitous presence 
of Cryptococcus in the environment world-wide indicates that 
exposure to persons predicted to be at an exceptionally high risk 
for developing cryptococcosis (i.e., patients scheduled to receive 
organ transplants, otherwise healthy HIV+ persons, and immune 
competent persons in areas observed to contain C. gattii) is inevi-
table and supports the need for development of a prophylactic 
and/or therapeutic vaccine that provides broad-spectrum protec-
tion against multiple Cryptococcus serotypes (9–16, 42). We have 

previously shown that mice immunized with C. neoformans strain 
H99γ, serotype A, are protected against a subsequent otherwise 
lethal challenge with wild-type C. neoformans strain H99 (25, 
36–38, 40, 41, 43–45). Herein, we demonstrate the potential for 
achieving broad-spectrum protection against multiple clinically 
relevant strains of Cryptococcus serotypes following vaccination 
with a Cryptococcus serotype A strain previously shown to elicit 
protective immunity against C. neoformans. Specifically, we dem-
onstrated that mice immunized with Cryptococcus strain H99γ, 
serotype A, develop significant protection against challenge with 
serotypes A, B, or D of Cryptococcus. Our data are in line with 
a similar study showing that mice vaccinated with an avirulent 
chitosan-deficient C. neoformans strain also created from a 
serotype A background strain exhibited significantly delayed 
mortality when challenged with serotype B C. gattii strains R265 
or WM276 (34). Altogether, these studies clearly demonstrate 
that significant cross-protection can be developed following 
vaccination with a Cryptococcus strain of a disparate serotype 
and provide further proof-of-principle for the development of a 
prophylactic vaccine that can protect against multiple disparate 
Cryptococcus serotypes.

Both clinical and experimental studies have shown that 
Th1-type CD4+ T CMI is critical for protection against crypto-
coccosis (24, 25, 46). We observed a predominantly Th1-type 
and proinflammatory cytokine profile and increased survival 
in H99γ immunized mice following challenge with representa-
tive Cryptococcus serotypes B or D. Additionally, intracellular 
cytokine staining of CD4+ T  cells showed that H99γ immu-
nized mice were capable of eliciting a predominantly Th1-type 
anamnestic immune response upon subsequent challenge with 
the other Cryptococcus serotypes. These studies indicated that 
a Th1-type cell-mediated immune response was responsible 
for the increased survival observed in H99γ immunized mice 
challenged with Cryptococcus strains from serotypes B or D. We 
also observed increases in some Th2-type cytokines in H99γ 
immunized mice; however, the overall low levels observed are 
unlikely to be biologically relevant and were not as significant 
as the levels observed in HKH99γ immunized mice at day 14 
post challenge. These findings do suggest that a Th1-Th2 balance 
may be important to achieve an optimal host immune response 
against Cryptococcus (47). Additionally, we observed an overall 
increase in the total number of infiltrating leukocytes in H99γ 
immunized mice compared to HKH99γ immunized mice chal-
lenged with their equivalent serotypes. Dendritic cells are known 
to play a vital role in the initial response against C. neoformans 
with the ability to phagocytose and kill the fungal organisms (48, 
49). The significant increase in the infiltration of CD11b+/CD11c+ 
cells in mice given the H99γ immunization prior to challenge 
with the different serotypes compared to HKH99γ immunized 
mice correlates with reduced fungal burden in these mice. We 
did observe an increase in F4/80+ cells in H99γ immunized mice. 
However, previous studies in our laboratory has demonstrated 
that quantity of macrophages does not correlate with clear-
ance, rather the ability of F4/80+ cells to polarize to a classically 
activated, M1 phenotype promotes clearance of C. neoformans 
(36, 41, 43, 50). The increase in infiltrating Ly6G+ cells correlates 
with significant increases in known neutrophil chemoattractants 
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FigUre 3 | Pulmonary T cell recruitment in immunized mice challenged with disparate serotypes of Cryptococcus. BALB/c mice were immunized intranasally with 
1 × 104 CFU of either H99γ or HKH99γ, allowed 70 days to resolve the infection, and subsequently challenged with one serotype of Cryptococcus. At days 3, 7, 
and 14 post challenge, lungs were excised, tissues digested, and pulmonary immune cell infiltrates were analyzed by flow cytometry (a,B) as described previously in 
Figure 2 or further permeabilized to stain for intracellular cytokines (c–e). Data shown are the mean ± SEM of absolute cell numbers or percentage from three 
independent experiments performed using 4 mice per group per experiment. *p < 0.05, **p < 0.005, ***p < 0.0001. *Significant increase compared to HKH99γ.
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FigUre 4 | Protection mediated by immunization with C. neoformans strain H99γ, serotype A, appears to be predominantly CD4+ T cell-mediated. BALB/c mice 
were immunized intranasally with 1 × 104 CFU of H99γ and allowed 70 days to rest. Mice were depleted of CD4+ T cells, CD8+ T cells, or both CD4+/CD8+ T cell 
subsets or received isotype control antibody two days prior to challenge with one serotype of Cryptococcus and weekly thereafter during the observation period. 
Mice were observed for up to 80 d post challenge for survival analysis. Survival data shown are from one experiment each, using 8 mice per group. However, the 
results are shown for individual groups and mice challenged with H99 (a), R265 (B), WSA87 (c) or R4247 (D) for simplicity. τp < 0.05, ττp < 0.005, τττp < 0.0001. 
τ = significant decrease compared to isotype; ωp < 0.05, ωωp < 0.005, ωωωp < 0.0001. ω = significant decrease compared to CD8+ T cell depleted.
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[IL-17A, G-CSF (indirect chemotaxis), and CXCL1/KC] in the 
H99γ immunized mice (51, 52). However, previous studies from 
our lab demonstrate that neutrophils are not critical for clearance 
of C. neoformans strain H99 in H99γ immunized mice (44).

The vast majority of patients who acquire cryptococcosis 
due to C. neoformans are severely immunocompromized while 
those who acquire C. gattii infections appear to have little to no 
known immunodeficiency (53–55). Nonetheless, the protection 
observed in H99γ immunized mice challenged with serotypes B or 
D appeared to be CD4+ T cell-dependent. Interestingly, depletion 
of CD8+ T cells appeared to partially enhance survival in H99γ 
immunized mice challenged with serotypes B or D. We hypoth-
esize that this additional protection may be attributed to a reduc-
tion in putative deleterious CD8+ T cell-mediated inflammatory 
responses or regulatory function in CD8+ T cell depleted mice 
challenged with serotypes B or D; however, this hypothesis will 
need to be confirmed in follow-up studies. In contrast, significant 
protection was evident in H99γ immunized mice rendered CD4+ 
and CD8+ T  cell deficient and challenged with the serotype A 
Cryptococcus strain, H99. These studies demonstrate that immu-
nization with H99γ produces memory T cells that allow for a rapid 
response against the invading cryptococcal strain as previously 
shown in our studies (40). Subtle species-specific differences in 
an antigen’s peptide sequence and/or structure in the different 
serotypes tested may account for the lack of complete protection 
observed in our studies. Without the memory T cells present, there 
is no delay in onset of disease and the CD4+ T cell deficient mice 
challenged with serotypes B or D succumb to infection at a rate 
similar to the mice that were immunized with HKH99γ. Recent 

studies have shown increased protection against C. neoformans 
and C. gattii using a vaccine formulation comprised of antigens 
extracted from capsule or chitosan deficient Cryptococcus strains 
by treatment with an alkaline solution and packaged into GPs 
(33). The source of antigens for each vaccine formulation was 
specifically tailored to each challenge (i.e., C. neoformans anti-
gens for C. neoformans challenge), and thus, the efficacy for the 
formulations to provide cross-protection was not determined. 
However, these studies also suggested that the protection induced 
following immunization with the Cryptococcus antigen/GP 
formulation against C. neoformans challenge was dependent on 
T CMI (33). The protection observed in T cell-deficient, H99γ 
immunized mice against a subsequent serotype A challenge may 
be antibody-mediated or may be suggestive of a trained innate 
cell population that compensates for the lack of T cells. Although 
we did observe an increase in the total number of B cells in H99γ 
immunized mice compared to HKH99γ immunized mice on days 
7 and 14 post challenge, previous studies from our lab show that 
B cells are not required for the generation of protective immunity 
against cryptococcosis in H99γ immunized mice suggesting that 
antibody-mediated protection in the absence of T cells is unlikely 
(25). Overall, immunization with H99γ resulted in a non-T cell 
dependent protective immune response to challenge with a sero-
type A Cryptococcus strain showing that long-term protection 
in immunocompromized hosts can be generated. However, our 
results showing that CD4+ T cells are required for the protection 
observed in H99γ immunized mice challenged with serotypes 
B and D suggests that a vaccine formulation designed to induce 
complete protection against multiple Cryptococcus serotypes 
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should include antigens specific to each serotype or contain 
antigens with significant homology across the serotypes.

Our studies also showed that the serotype C Cryptococcus strain 
used herein, WSA87, is less virulent or remains latent in mice 
compared to all the other strains tested. When H99γ immunized 
mice were subsequently challenged with WSA87, we observed a 
statistically significant increase in immune cell infiltrates at day 
7 post challenge compared to HKH99γ immunized mice which 
correlated with the significant decrease of fungal burden in H99γ 
immunized mice. However, survival during challenge with sero-
type C was similar regardless of the immunization strategy most 
likely due to the initial low virulence of this strain or the strain’s 
ability to remain latent with mice not succumbing to infection 
until almost day 90 post challenge. Also, depletion of CD4+ and/
or CD8+ T cells was observed to have no impact on the survival 
of H99γ immunized mice challenged with WSA87. The results 
suggest that WSA87 suppresses T CMI or that protection against 
WSA87 is not dependent on T CMI. The serotype C strain chosen 
for this study was a clinical isolate that caused human disease; 
however, virulence due to this strain appeared to be relatively low 
in mice. Cryptococcus strains of the same serotype are known to 
exhibit significant variability in virulence within murine models. 
Thus, it is inappropriate to suggest that the serotypes utilized in 
our study are completely representative of all Cryptococcus strains 
within their serotype. However, these specific results suggest an 
unfortunate and perhaps unavoidable reality that developing vac-
cine formulations that target the more pathogenic Cryptococcus 
strains may still allow for less virulent strains of Cryptococcus to 
slip under the host’s immunological radar resulting in disease and 
mortality.

While no fungal vaccines are clinically available, an ideal 
vaccine would mirror the results of the currently available vac-
cines against other microbial pathogens that can protect against 
multiple serotypes. The quadrivalent meningococcal conjugate 
vaccine (MenACWY-D; Menactra®, Sanofi Pasteur, Swiftwater, 
PA, USA), for example, contains polysaccharides from serotypes 
A, C, Y, and W-135 meningococci conjugated to a diphtheria 
protein carrier (56) and provides broad-spectrum protection 
against those serotypes that cause the majority of meningococ-
cal disease. While the studies presented herein determined 
the efficacy of vaccination with one serotype to provide cross-
protection against other serotypes, our results suggest that the 
identification and inclusion of multiple cross-protective CD4+ 
T  cell-dependent antigens will be critical for the development 
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The elusive Anti-Candida vaccine: 
Lessons From the Past and 
Opportunities for the Future
Gloria Hoi Wan Tso†, Jose Antonio Reales-Calderon† and Norman Pavelka*

Singapore Immunology Network (SIgN), Agency of Science, Technology and Research (A*STAR), Singapore, Singapore

Candidemia is a bloodstream fungal infection caused by Candida species and is most 
commonly observed in hospitalized patients. Even with proper antifungal drug treat-
ment, mortality rates remain high at 40–50%. Therefore, prophylactic or preemptive 
antifungal medications are currently recommended in order to prevent infections in 
high-risk patients. Moreover, the majority of women experience at least one episode of 
vulvovaginal candidiasis (VVC) throughout their lifetime and many of them suffer from 
recurrent VVC (RVVC) with frequent relapses for the rest of their lives. While there cur-
rently exists no definitive cure, the only available treatment for RVVC is again represented 
by antifungal drug therapy. However, due to the limited number of existing antifungal 
drugs, their associated side effects and the increasing occurrence of drug resistance, 
other approaches are greatly needed. An obvious prevention measure for candidemia 
or RVVC relapse would be to immunize at-risk patients with a vaccine effective against 
Candida infections. In spite of the advanced and proven techniques successfully applied 
to the development of antibacterial or antiviral vaccines, however, no antifungal vaccine 
is still available on the market. In this review, we first summarize various efforts to date in 
the development of anti-Candida vaccines, highlighting advantages and disadvantages 
of each strategy. We next unfold and discuss general hurdles encountered along these 
efforts, such as the existence of large genomic variation and phenotypic plasticity across 
Candida strains and species, and the difficulty in mounting protective immune responses 
in immunocompromised or immunosuppressed patients. Lastly, we review the concept 
of “trained immunity” and discuss how induction of this rapid and nonspecific immune 
response may potentially open new and alternative preventive strategies against oppor-
tunistic infections by Candida species and potentially other pathogens.

Keywords: Candida, candidemia, candidiasis, vaccine, trained immunity, opportunistic infections, 
immunocompromised patients

iNTRODUCTiON

Due to advances in medicine and surgery, over the past century there has been a rising population 
of immunocompromised patients, which are at an elevated risk to suffer from opportunistic infec-
tions (1,  2). While hospital-acquired fungal infections are less frequent than bacterial ones, they 
disproportionately account for higher mortality rates, longer hospitalization times and increased 
healthcare costs (3). Risk factors for fungal infections are very broad and nonspecific, and they 
include chronic respiratory disease, cancer, HIV infection, organ transplantation, neutropenia, 
presence of central venous catheters, prolonged hospital stay, administration of total parenteral 
nutrition, exposure to invasive procedures, chemotherapy, hemodialysis, gastric acid suppression, 
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TAbLe 1 | Summary of past and current anti-Candida vaccine candidates.

vaccine 
category

Description Clinical  
trial stage

Protection  
(C. albicans infection site)

Cross-protection  
(non-C. albicans organisms)

Reference

LA Hyphal-defective C. albicans strain PCA-2 SYS Staphylococcus aureus (26)
LA MAP kinase-defective hog1Δ C. albicans strain CNC13 SYS (27)
LA Cell wall-defective ecm33Δ C. albicans strain RML2U SYS (28)
LA Filamentation-repressible C. albicans strain tet-NRG1 SYS (29)
LA Yeast-locked C. albicans strain cph1Δ/efg1Δ SYS (30)
LA Heat-killed or live Saccharomyces cerevisiae  

clinical strains
SYS Aspergillus fumigatus, Cryptococcus 

grubii, and Coccidioides posadasii
(31–34)

REC Recombinant N-terminus of C. albicans Als1p SYS, VAG, OR (35, 36)
REC Recombinant N-terminus of C. albicans Als3p SYS, VAG S. aureus (37, 38)
REC Recombinant N-terminus of C. albicans Als3p plus alum 

adjuvant (NDV-3)
Phase II SYS, VAG S. aureus (39)

REC Recombinant C. albicans Sap2p VAG (40)
REC Recombinant C. albicans Sap2p (PEV-7) Phase I VAG (41)
REC Recombinant C. albicans Hsp90p (Mycograb) SYS (42)
REC Recombinant C. albicans Hyr1p SYS C. glabrata, C. krusei,  

C. parapsilosis and C. tropicalis
(43)

EX Crude cell wall extract SYS (44)
GC Mannans and peptide conjugates SYS (45, 46)
GC β-glucan conjugated with MF59 adjuvant VAG (47)
GC Laminarin conjugated with diphtheria toxoid (Lam-CRM197) SYS, VAG A. fumigatus (48)

LA, live attenuated; REC, recombinant; EX, extract; GC, glycoconjugate; SYS, systemic; VAG, vaginal; OR, oral.
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and use of broad-spectrum  antibiotics (4, 5). Candidiasis 
(caused by Candida species) is the most common opportunistic 
fungal infection and the fourth most common nosocomial 
bloodstream infection (6, 7). Despite the best available stand-
ards of care, the incidence of candidemia, a sign of invasive or 
systemic candidiasis, is on the rise in the US (8) and mortality 
rates often exceed 50% despite use of antifungal drugs (9). This 
is especially true in intensive care units and in immunocom-
promised patients, where Candida bloodstream infections are 
estimated to strike ~400,000 patients a year, with an associated 
mortality of 46–75% (10). For all these reasons, and because the 
hospitalization and treatment cost of these patients is very high 
(3, 11), CDC guidelines recommend prophylactic or preemp-
tive antifungal treatment in patients considered at high risk of 
candidemia (12).

Mucosal fungal infections, though almost never life-
threatening, are much more common than invasive ones and 
can be associated with high morbidity, socioeconomic impact, 
and low quality of life. The most common infection sites are the 
oral cavity and the genitourinary tract (13). Vulvovaginal can-
didiasis (VVC) is the most common mucosal fungal infection, 
with different studies estimating that 50–70% of women suffer an 
episode of VVC at least once in their lifetime and 5–8% of women 
suffer from recurrent VVC (RVVC) (14). To this date, there still 
exists no definitive cure for RVVC, which is commonly treated 
with over-the-counter antifungal medications but continues to 
relapse ≥4 times a year for the rest of a woman’s life (15).

Antifungal agents available for the treatment of systemic or 
mucosal candidiasis are restricted to only a few classes of com-
pounds, such as azoles, polyenes, allylamines, and echinocandins 
(16). However, adverse side effects, toxicity, and emergence of 
drug resistance limit the use of these drugs (10). In particular, 
various Candida species can acquire resistance to different anti-
fungals or, even worse, to more than one drug (17–20). In fact, 

the emergence of drug resistance in Candida spp. has been on a 
growing trend over the past decade (21), with multidrug-resistant 
Candida spp. now being reported all over the world (22,  23). 
Finally, the recent discovery of a novel multidrug resistant species 
of Candida (C. auris) poses a further threat to our ability to use 
antifungal drugs to treat candidiasis (24).

To reduce the incidence and mortality of opportunistic fungal 
infections, experts agree that we need (i) improved diagnostics 
to allow more rapid implementation of appropriate therapies, 
(ii) more effective antifungal agents associated with less severe 
side effects, and (iii) to develop immunotherapies based on our 
mounting knowledge of antifungal immunity (10, 25). These 
same strategies could be used also to reduce the recurrence and 
severity of RVVC episodes. We hereby argue that an anti-Candida 
vaccine, as long as it was effective in the populations of patients 
it is intended to protect, could help reduce the global burden of 
both systemic and vaginal candidiasis bringing about substantial 
socioeconomic benefits.

In this review, we first provide an up-to-date overview of 
various efforts that have been attempted so far in the quest of 
an anti-Candida vaccine, which has remained elusive. We next 
critically assess potential common problems that might have 
hindered such efforts and finally propose a few tentative solutions 
to overcoming those problems.

CURReNT ANTi-CAndidA vACCiNe 
LANDSCAPe

In the last decades, several different anti-Candida vaccines have 
been proposed but only few of them have been tested in clinical 
trials (Table 1). Here, we will summarize the current anti-Candida 
vaccine landscape and discuss advantages and disadvantages of 
each vaccination strategy.
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Historically, vaccines are developed to boost antigen-specific 
immune responses and elicit protective immunological memory 
against specific pathogenic strains. In the case of Candida spe-
cies, most of the efforts have been focused around the most 
common species, C. albicans. Different strategies have been used 
to immunize hosts against candidiasis: (i) live-attenuated strains, 
(ii) recombinant proteins, and (iii) glycoconjugates.

Live-Attenuated vaccines
The first ever reported vaccine, Edward Jenner’s famous vaccinia 
virus, was a live virus causing cowpox in cattle but protecting 
humans against smallpox (49). By all definitions, it was a live-
attenuated vaccine, which caused only a very mild form of the 
disease in humans while at the same time raising long-lasting 
protective immune memory. Up to this date, most currently avail-
able antiviral vaccines (e.g., yellow fever, measles, varicella) and 
some antibacterial ones (e.g., BCG) are essentially live-attenuated 
versions of their pathogenic counterparts. Because of this long 
history of success, it is not surprising that several studies have 
ascribed various attenuated strains of C. albicans the ability to 
confer protection against candidiasis.

The morphogenetic transition between the conidial (yeast) 
and hyphal (filamentous) form is one of the most important 
virulence factors in C. albicans (50); for this reason, the absence 
of filamentation is a common characteristic of attenuated strains 
of this species. Several C. albicans mutants associated with no or 
low virulence, including PCA-2 (incapable of yeast-hyphae con-
version), CNC13 (deleted in the MAP kinase HOG1), RML2U 
[deleted in the cell wall protein (CWP) gene ECM33], and 
tet-NRG1 (in which the filamentation repressor NRG1 can be 
overexpressed by doxycycline), have been used to immunize mice 
and shown to protect them from a subsequent lethal systemic 
infection with a virulent strain (26–29). Also, the C. albicans 
double-mutant cph1/efg1, which is severely impaired in hyphal 
morphogenesis, partially protects mice from systemic infection 
by a wild-type C. albicans strain (30).

Not only C. albicans attenuated strains have been used to protect 
against systemic candidiasis, but also the generally regarded-as-safe 
baker’s yeast Saccharomyces cerevisiae has been successfully used 
to this end. Stevens and colleagues have described the use of heat-
killed or live S. cerevisiae as a protective vaccine against C. albicans 
infection, but also against A. fumigatus, Cryptococcus grubii, and 
Coccidioides infection in a dose-dependent manner (31–34).

Despite these success stories at the basic research level, none of 
these vaccine candidates has progressed to clinical trials. Possible 
reasons include the fact that characterization of these strains is 
complex, that the stability of the virulence-attenuating mutations 
is not guaranteed, and that the use of live-attenuated vaccines is 
currently not recommended in immunocompromised patients 
due to their weaker immune defense and the higher probability 
to develop a disease.

Recombinant Proteins
In contrast to live Candida vaccines (how attenuated they may be), 
recombinant vaccines are generally perceived as potentially safer 
to the human host, because they do not contain any infectious 
agent. This characteristic makes recombinant protein vaccines 

more suitable especially for the immunocompromised individu-
als that would most benefit from such a vaccine. In general, this 
strategy has focused on proteins expressed on the surface of 
the fungus, such as CWPs or adhesion proteins, to ensure that 
epitopes would be easily accessible and “visible” by the immune 
system. Efforts also often concentrated on proteins critical to 
virulence, such as hyphal-specific effectors, in order to mount 
immune responses specifically against the pathogenic forms of 
the fungus. Besides, current work has shown that the strongest 
adaptive immune memory responses are often directed toward 
hyphal-associated proteins.

Agglutinin-Like Sequence Proteins
Agglutinin-like sequence (Als) proteins are located at the surface 
of C. albicans and play important roles in the adhesion to human 
endothelial cells and in the development of invasive candidi-
asis (51). Because these proteins are both exposed on the fungal 
surface and important for invasion of host cells, several vaccines 
have been proposed against invasive candidiasis using recombi-
nant versions of various Als proteins, including Als1p and Als3p, 
formulated with or without adjuvants.

The recombinant N-terminus of Als1 (rAls1p-N) was 
produced and purified from S. cerevisiae and used in combina-
tion with Complete Freund’s Adjuvant (CFA) subcutaneously 
and boosted with different doses of rAls1p-N with Incomplete 
Freund’s Adjuvant (IFA) at day 21 post-immunization; lethal 
challenge with live C. albicans showed a survival rate of 50–57% 
and a decrease in fungal burden (36). This vaccine was deemed 
effective and improved survival in both immunocompetent 
and neutropenic mice and in murine models of oropharyngeal 
candidiasis and Candida vaginitis (35).

Vaccination with the recombinant N-terminus of Als3 
(rAls3p-N) induced a stronger antibody response and survival 
rate compared with the rAls1p-N vaccine, and was more effective 
than rAls1p-N in the murine model of oropharyngeal and vaginal 
candidiasis (37). Interestingly, it showed also protection against  
S. aureus infection (38), suggesting the existence of shared 
immune epitopes between these distantly related species; consist-
ently, Candida Als3p is structurally similar to a clumping factor 
of S. aureus (52).

Bar et al. identified an antigenic peptide by immunoproteomic 
approaches called pAls, widely conserved in many non-Candida 
species; this epitope mediates T-cell-dependent protection from 
invasive candidiasis. This pAls epitope is found in the Als3 pro-
tein and the authors suggest an implication of this epitope in the 
protective effect of the Als3 vaccine (53).

NDV-3A, a rAls3p-N vaccine formulated with Alhydrogel 
adjuvant, has been tested in a phase-I clinical trial. The trial was 
performed on 40 healthy volunteers and showed an increase in 
antibody titers at two different doses, as well as increased cytokine 
responses and IgG and IgA1 titers in the revaccinated subjects 
(39). A few adverse events have been described, but overall the 
vaccine was well tolerated by the subjects and hence the results 
were deemed as promising. Like the version of rAls3p-N vaccine 
without adjuvant, NDV-3 also showed activity against S. aureus 
infection, further corroborating the idea that the vaccination with 
Candida antigens containing epitope homologs found in other 
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organisms can be harnessed to generate “convergent immunity.” 
NDV-3A is now in a phase-II clinical trial to test the immuno-
therapeutic effect of the vaccine in women with RVVC.1

Secreted Aspartil Proteases
Secreted Aspartil Proteases (SAP) constitute a family of 10 proteins 
secreted by C. albicans, which are required for adhesion, epithelial, 
and endothelial invasion and fungal cell metabolism (54, 55). 
Sap2p is the most abundantly expressed SAP in C. albicans and 
its recombinant form has been used to immunize rats intravagi-
nally or intranasally, either using cholera toxin as an adjuvant or 
without an adjuvant; the vaccination resulted in the clearance 
of the Candida vaginal infection (40). The same research group 
also developed PEV7, a truncated version of Sap2p (amino acids 
77–400) incorporated into the lipid bilayer of influenza virosomes. 
Because preclinical data demonstrated that intramuscularly vac-
cinated rats showed protection against vaginal candidiasis (41), 
PEV7 has progressed to clinical trials as a therapeutic vaccine 
for the treatment of RVVC. In a randomized phase-I trial, the 
subjects, whether immunized via intramuscular injections or by 
intravaginal capsules, showed a strong B-cell-mediated immune 
response in vaginal and cervical samples. All volunteers showed a 
mucosal immune response with consistently high titers across the 
groups, the response was dose-dependent and no serious adverse 
events were reported.2

Heat Shock Protein 90 (Hsp90p)
Heat shock protein 90 is a highly conserved stress-induced 
chaperone, with key functions in setting cellular responses to 
stressful stimuli, which is indispensable for yeast viability and 
located in the cell wall of C. albicans. The 47-kDa carboxyl 
fragment of C. albicans Hsp90 had been identified as a Candida 
antigen in different studies (56). This antigen is very abundant 
and immunogenic, and the presence of antibodies against Hsp90 
correlates with good prognosis, whereas low levels are associated 
with mortality (57). Various Hsp90 epitopes (LSREM, LKVIRK, 
and DEPAGE) have been identified using a phage-display library 
and shown to induce Hsp90-specific serum antibodies and to 
prolong survival in a mouse model of systemic candidiasis (42). A 
recombinant protein called Mycograb, consisting of cross-linked 
Hsp90 NKILKVIRKNIVKK peptide-binding variable domains 
of human antibody heavy and light chains, was constructed and 
expressed in Escherichia coli. When combined with amphotericin 
B, Mycograb produced significant improvement in patients with 
invasive candidiasis (58, 59). However, the drug was refused by 
the European Medicines Agency on the grounds of product safety 
and quality, and its ability to potentiate the effects of amphotericin 
B were later found to be non Hsp90-specific (60).

Hyphally Regulated Proteins
Hyphally regulated 1 (Hyr1) is a glycosyl phosphatidylinositol 
(GPI)-anchor mannoprotein that is expressed during hyphal 
formation on the cell wall of C. albicans. A recombinant version of 
the N-terminus of Hyr1 (rHyr1p-N) was produced in E. coli and 

1 https://www.clinicaltrials.gov/ct2/show/NCT01926028 (Accessed: April 17, 2018).
2 https://www.clinicaltrials.gov/ct2/show/NCT01067131 (Accessed: April 17, 2018).

used to immunize mice via subcutaneous injection with either 
CFA or aluminum hydroxide and boosted on day 21 with IFA. 
After 2 weeks, vaccinated mice were challenged with a lethal dose 
of C. albicans and non-albicans Candida (NAC) species. The vac-
cine was effective against infections by C. albicans, C. glabrata,  
C. krusei, C. parapsilosis, and C. tropicalis in both immunocom-
petent and neutropenic mice (43).

CWP Extracts
Not only purified recombinant proteins, but also crude C. albicans  
cell wall extracts, seem to be effective to protect against inva-
sive candidiasis. In fact, subcutaneous immunization with 
β-mercaptoethanol-extracted C. albicans CWPs in combination 
with Ribi Adjuvant System (RAS) R-700 followed by a booster 
injected 21 days after the first immunization, conferred protec-
tion in 75% of immunized mice after a lethal challenge with  
C. albicans (44). However, such crude preparations are unlikely 
to progress to clinical trials due to the difficulty in characterizing 
and standardizing such complex vaccine formulations.

Glycoconjugates
An alternative to protein-based vaccines is to use glycans com-
monly found in fungal cell walls but absent in host cells. In fact, 
the Candida cell wall represents a hub of pathogen-associated 
molecular pattern (PAMP)–pathogen recognition receptor (PRR) 
interactions that dictate downstream immune responses (61). For 
these reasons, various cell wall polysaccharides have been tested 
as vaccine targets against systemic candidiasis.

Mannans and Derivative Peptide Conjugates
Mannans are polymers of O-linked or N-linked mannosides 
attached to CWPs and constitute the outermost, and hence most 
accessible, layer of the C. albicans cell wall. While O-mannans 
are predominately recognized by TLR4 (62), N-mannans are 
recognized by a multitude of receptors, including the Mannose 
Receptor (MR), DC-SIGN, Dectin-2, Galectin-3, and Mincle (63). 
Classically, Candida mannans have been attributed immunesup-
pressive properties (64); but the discovery that N-linked man-
nans are critically required for recognition by DC-SIGN and 
MR on human dendritic cells (DCs) has established a rational 
for conjugating them to antigenic peptides. Consistent with this 
idea, mannosylated antigens were shown to be presented more 
effectively than non-mannosylated forms (65).

In one example, researchers have used computational epitope 
searches to select 6 peptides in C. albicans CWPs (fructose-
bisphosphate aldolase; methyltetrahydropteroyltriglutamate; hyphal 
wall protein-1; enolase; glyceraldehyde-3-phosphate dehydroge-
nase; and phosphoglycerate kinase) and conjugated these pep-
tides with β-mannans to generate the first series of fully synthetic 
glycopeptide vaccines against systemic candidiasis. Depending 
on the specific peptide, the immunized mice showed 80–100% 
survival and reduced kidney fungal burden after the challenge 
with C. albicans (45).

More recent studies showed than the vaccination with BSA-
based conjugates bearing synthetic α-1,6-branched oligomanno-
sides induced humoral responses in mice and induced production 
of potentially protective antibodies (46). Immunization with 

415

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.clinicaltrials.gov/ct2/show/NCT01926028
https://www.clinicaltrials.gov/ct2/show/NCT01067131


Tso et al. Toward the Elusive Anti-Candida Vaccine

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 897

Candida mannan-derived branched 3,6-di-O-substituted 
α-oligomannosides conjugated to BSA (M5-BSA and M6-BSA 
conjugates) induced similar levels of CD19+ B lymphocytes, 
but the candidacidal activity of polymorphonuclear leukocytes 
induced by opsonization with M6-BSA antisera was higher than 
that with M5-BSA, thus revealing some important differences 
in their ability to induce an effective and protective immune 
response against Candida infection (66). A better mechanistic 
understanding of the type of immune responses elicited by various 
Candida mannans is therefore required before these compounds 
can progress to clinical studies.

β-Glucan and Derivative Conjugate Vaccines
Directly underneath mannans lies a hidden layer of β-glucans, 
which is an essential component of the Candida cell wall (67) 
and elicits Dectin-1-dependent innate immune responses that are 
critical for host protection against fungi (68). Moreover, β-glucans 
from the C. albicans cell wall are highly immunogenic, leading 
to epigenetic and metabolic reprogramming of monocytes/
macrophages, elevated cytokine responses and to innate host pro-
tection against systemic candidiasis (69–71). This phenomenon 
was termed “trained immunity” (72) and is discussed further in 
Section “Trained Immunity—Toward the Next Generation of 
Vaccines?”

When used in combination with the MF59 adjuvant (oil-in-
water emulsion of squalene oil), fungal-derived β-glucan showed 
protection against murine vaginal candidiasis but is currently not 
approved for use in humans (47). The conjugation of the β-glucan 
preparation Laminarin (a soluble Dectin-1 ligand derived from sea-
weed) with diphtheria toxoid (Lam-CRM197) resulted, in murine 
models, in significant protection against systemic candidiasis, as 
well as cross-protection against aspergillosis (48). In further stud-
ies, researchers conjugated the diphtheria toxoid with various other 
β-glucan preparations, such as curdlan (a high-molecular-weight 
β-1,3-linked polymer produced by bacteria) or synthetic oligosac-
charides that contained either only linear β-1,3 linkages or also 
branched β-1,6 linkages, and combined it with the MF59 adjuvant. 
Interestingly, conjugates raising antibodies against β-1,3-glucans 
were protective in a mouse model of systemic candidiasis, while 
anti-β-1,6-antibodies appeared to reverse this effect (73). Overall 
these studies reveal the high immunogenicity of β-glucans but also 
a surprisingly complex relationship between antifungal immune 
responses and host protection against fungal infections. Moreover, 
different Candida species expose β-glucan on their surface to 
different degrees (74), questioning how broadly protective such 
vaccines would be against various candidiasis-causing agents. 
These complexities will need to be better understood, before these 
polysaccharides can be translated into safe and effective antifungal 
vaccines for human use.

COMMON CHALLeNGeS FACeD SO FAR

The fact that C. albicans is thought to have coevolved with 
humans for at least the past 2,000 years (75), that it is a lifelong 
inhabitant of humans that colonizes the gastrointestinal (GI) 
tract since birth (76) and that is then transmitted between family 
members (77), poses a few conceptual and technical challenges 

in the development of an anti-Candida vaccine. On one hand, 
this long interaction history with the human GI tract suggests 
that these fungi might have evolved a series of mechanisms to 
escape various host immune defenses, including a high genetic, 
phenotypic and morphological plasticity (78). On the other hand, 
humans might have learned to recognize Candida species as com-
mensals and might have therefore developed immune tolerance 
toward them—breaking this tolerance is expected to be both dif-
ficult and in some cases even counterproductive (79). Lastly, the 
highest risk group for Candida-related infections is represented 
by immunocompromised and immunosuppressed patients, i.e., a 
class of individuals that is intrinsically less responsive to immuni-
zation. Here, we will outline each of these issues in greater detail, 
and later we will attempt to offer some possible ways forward 
based on recent learning points.

Zeroing in on a Moving Target
Morphological and Phenotypic Plasticity  
of C. albicans
A first difficulty encountered when designing an anti-Candida 
vaccine lies in the morphological and phenotypic plasticity of 
these fungi (Figure 1), which makes them almost “moving tar-
gets.” In fact, C. albicans is a polymorphic fungus that can revers-
ibly transition between yeast, pseudohyphal and hyphal forms—a 
property that is closely linked to its evolutionary adaptation to life 
inside the human host. When C. albicans grows in its unicellular 
yeast form, it is commonly regarded as a harmless colonizer, 
while its switching to the hyphal form is related to pathogenesis, 
in that hyphae adhere to and invade epithelial cells resulting in 
extensive damage to host cells (80).

Interestingly, C. albicans isolated from the blood of patients 
with candidiasis often matches those recovered from the GI tract 
of the same patients (81), suggesting that C. albicans invades the 
bloodstream directly from the GI tract. How exactly the GI barrier 
is crossed is currently not completely understood, but it is thought 
to be mediated by or facilitated by epithelial tissue damage; and 
that C. albicans hyphal formation might be critical for this ability 
(82). Therefore, hyphal-specific or hyphal-associated CWPs such 
as Hyr1, Hwp2, Plb5, and Sod5 have all been proposed as vaccine 
target candidates (83).

However, vaccines against hyphal CWPs alone may not be 
sufficient to provide immune protection. While direct penetra-
tion into the mucosal surfaces by the hyphal form is important 
for invasion, widespread dissemination through the bloodstream 
and to the organs is thought to be facilitated by the yeast form 
(84). As both yeast and hyphae are detected in patients with 
candidiasis (85), and some mutants defective in filamentation 
displayed similar virulence as the wild type (86), it is the plasticity 
of this morphological switch, rather than the hyphal form alone, 
that appears to critically underlie the virulence of C. albicans. 
The variety of different forms of C. albicans that exist in various 
organs may represent a further challenge in vaccine development. 
For example, in mouse infection models, while C. albicans is 
mainly observed in the hyphal form in the kidney, it actually per-
sists as a yeast in the spleen and the liver (87). To achieve sterile 
protection, the ideal vaccine should be able to stimulate clearance 
of the fungus not only in the former but also in the latter organs.
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FiGURe 1 | Sources of variability in Candida-related infections. The figure illustrates the plethora of variations at the level of the pathogen and the host, which  
pose serious challenges in the development of an antifungal vaccine. On the pathogen side, Candida species display large phenotypic, morphological, and genetic 
variation and dynamics; on the host side, candidiasis can occur in different types of patients, with different types of immune system dysfunction or carrying different 
genetic polymorphisms, and in different anatomical sites. Taken together, this broad and diverse clinical spectrum of the disease makes it difficult to design a 
“one-size-fits-all” vaccine that would protect all these different patients from all these different types of fungal infection.
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A second form of plasticity in C. albicans is a heritable white-
to-opaque phenotypic switch. Smooth and white colonies are 
observed during the white phase, while elongated and rod-like 
cells giving rise to flattened gray colonies appear in the opaque 
phase (88). Opaque cells are less virulent than white cells in mouse 
bloodstream infection model (89, 90) and undergo filamentation 
in response to stimuli that are distinct form white cells (91). 
The switching between white and opaque phenotypes may facili-
tate C. albicans to evade from host immune response, as opaque 
cells are less susceptible to be phagocytosed by macrophages (92) 
and also capable to evade killing by neutrophils (93).

Another phenotypic switch, known as gastrointestinally induced 
transition (GUT) and found as a result of WOR1 overexpression, 
was recently described to confer increased fitness of C. albicans in 

the GI tract of antibiotic-treated mice (94). While GUT cells share 
some resemblance with opaque cells, such as a reduced virulent in 
mouse bloodstream infections, they appear to be transcriptionally 
distinct from both white and opaque cells, therefore likely repre-
senting an independent epigenetic state. Whether GUT cells also 
arise in mucosal or systemic infections in humans and whether 
these cells express specific factors that are important for disease 
remains to be determined, but their discovery nonetheless sheds 
light on additional layers of complexity in the morphological and 
phenotypic plasticity of this fungal pathogen.

As a whole, morphological and phenotypic plasticity renders 
C. albicans a “skilled transformer” (78). Therefore, vaccines 
directed against single targets expressed only in a particular fungal 
form may not be sufficient to raise protective immune responses 
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against the entire arsenal of antigens and virulence factors that are 
dynamically presented to the host in different organs at different 
times.

Genomic Plasticity of Candida albicans
Candida albicans, apart from morphological and phenotypic 
transitions, also displays a high degree of genomic plasticity 
including gross chromosome rearrangement, aneuploidy and 
loss of heterozygosity when exposed to different stresses. Such 
genomic changes equip C. albicans to rapidly adapt to an adverse 
environment by changing the copy number of specific genes on 
a given chromosome (95). One of the well-known examples is 
the identification of an isochromosome composed of two copies 
of the left arm of chromosome 5, which is associated with azole 
resistance (17) due to amplification of two resistance genes, ERG11 
and TAC1 (96). Genomic variations are commonly observed in 
clinical C. albicans isolates, which includes copy number vari-
ations, chromosomal inversions, subtelomeric hypervariation, 
loss of heterozygosity and aneuploidy (97). Moreover, C. albicans 
with increased DNA content (aneuploidy) occurs at a higher 
frequency in clinical blood isolates when compared with mucosal 
isolates (98). This suggests that acquisition of aneuploidy, and 
the consequent copy number alteration of specific genes, may 
provide a rapid mechanism to modify the expression pattern of 
certain antigens that were originally targeted by a certain vaccine.

Non-albicans Candida Species
The genus Candida represents a highly heterogeneous group 
of  >50 known species. Nevertheless,  >90% of the invasive 
Candida infections are caused by C. albicans, C. glabrata,  
C. parapsilosis, C. tropicalis or C. krusei (99). While this figure 
has remained largely unchanged, the relative ranking between 
these species has seen significant shifts in different regions over 
the past decades (100). While C. albicans is still considered the 
most common species causing candidemia, increasing rates 
of NAC species in candidemia have been reported worldwide 
(18, 101, 102). Moreover, significant variations of Candida species 
are detected in different patient groups and geographical regions 
(103). For instance, C. glabrata has emerged as an important 
pathogen in northern Europe, the United States and Canada with 
a higher rate of incidence in adults than in children, and lower 
in neonates (104). C. parapsilosis, instead, is more prominent in 
southern Europe, Asia, and South America and is mostly associ-
ated with low-birth-weight neonates and transplant recipients 
(105). Finally, C. tropicalis constitutes 20–45% of Candida isolates 
in the Asia-Pacific region (18) and invasive candidiasis due to this 
species is commonly associated with patients with neutropenia 
and malignancy (106). Recently, the emergence of C. auris, first 
reported in 2009 in Japan, highlights a new challenge of antifungal 
treatment, as C. auris is often multi-drug resistant and also dif-
ficult to be diagnosed with standard laboratory methods, which is 
contributing to its rapid spreading over multiple countries (107). 
In addition to NAC, multispecies candidemia is also emerging 
as a threat (108). Taken together, these observations suggest that 
vaccines specifically against C. albicans alone may not be suf-
ficient to provide protection against candidiasis caused by other 
emerging NAC species or mixed Candida species infections.

breaking immune Tolerance Toward Fungi
A microbial ecosystem in the human intestine, known as the gut 
microbiome, harbors more than 100 trillion microorganisms and 
thus immunological tolerogenic responses are required in order 
to maintain gut homeostasis and prevent chronic inflammation 
(109). Immune tolerance toward human gut commensals, such as 
Bacteroides fragilis and certain Clostridia species, is maintained 
by regulatory T (Treg) cell responses (110–112). Apart from 
bacteria, Candida species are the most common fungal species 
found in the GI tract; it is therefore reasonable to assume that 
similar tolerance mechanisms might have evolved to regulate the 
commensal relationship between humans and fungi. One such 
mechanism, which likely resulted from the coevolution of bacte-
rial microbiota, commensal fungi and host immune system, relies 
on the metabolic tryptophan-AhR pathway and 2,3-indoleamine 
dioxygenase (IDO) (113, 114). C. albicans, being a lifelong inhab-
itant of humans that colonizes the GI tract since birth (76), is 
able to induce IDO expression in DCs. IDO-expressing DCs then 
promote tolerogenic Treg responses, probably facilitating the 
switch from pathogenicity to commensalism in C. albicans (115).

The existence of immunological tolerance toward C. albicans 
and probably other Candida species poses two serious challenges 
for anti-Candida vaccine development. First, unlike obligate 
pathogens with no commensal relationship with humans, this 
tolerance represents an additional hurdle toward establishment of 
effective and protective immunological memory. Second, much 
of the clinical manifestations of Candida-related infections are 
more due to host-derived immunopathology than to pathogen-
derived host damage (116, 117). For instance, mice lacking 
the chemokine receptor Ccr1, which is critical for neutrophil 
recruitment, display improved renal function during invasive 
candidiasis (118) and administration of Ccr1 antagonists reduces 
renal tissue injury and improves survival in mice challenged with 
systemic candidiasis (119).

It has thus been argued that a careful balance between immu-
nity and tolerance must be established to maintain commensalism 
(79). Breaking host tolerance against fungi and the self-regulated 
equilibrium between Th17 and Treg responses might lead to 
undesired consequences, such as exacerbating fungal disease 
progression or other underlying inflammatory or autoimmune 
conditions.

vaccinating Patients with No immunity
Fungal infections, especially invasive ones, most frequently 
occur in individuals with compromised or suppressed immunity. 
Hence, it appears that the patients that would mostly benefit from 
a future antifungal vaccine are also those least likely to respond 
to it. Is such an effort then even justified? Or is it doomed to fail 
from the start? Answers to these questions are more complex than 
one might expect.

Efficacy and safety are always a primary concern in any vaccine 
development effort, and especially so in vulnerable subjects such 
as patients with lowered immune defenses. As mentioned, the 
risk of Candida infection is especially high in patients with neu-
tropenia, hematological malignancies, solid-organ transplants, 
prolonged treatment with corticosteroids, long-term ICU stay, 
chemotherapy and HIV infection (120). The ideal anti-Candida 
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vaccine should possess all of the following properties: (i) zero 
risk of causing a Candida-related infection or to exacerbate the 
immunopathology associated with an ongoing or future fungal 
infection, (ii) be immunogenic enough to elicit protection in 
patients with little or no immunity, (iii) do not increase the risk 
of aggravating any underlying disease. While this may sound like 
a “catch-22,” vaccinating immunocompromised patients has been 
attempted with various degrees of success in the past for other 
kinds of infection.

For instance, a single-dose of the pneumococcal vaccine was 
recently deemed safe and immunogenic in children under active 
immunosuppressive therapy (121). However, low immunogenicity 
of the meningococcal vaccine was reported in solid-organ trans-
plant recipients (122). Lower immunogenicity against the influenza 
vaccine is generally reported in immunocompromised patients 
when compared with healthy individuals (123). However, using a 
high-dose influenza vaccine was reported to be more immunogenic 
than the standard dose in children and young adults with leukemia 
or solid tumors, although not in those with HIV (124).

What is progressively becoming clearer is that a “one-size-fits-
all” anti-Candida vaccine may never see the light. For example, 
a vaccine effective in preventing candidemia in neutropenic 
cancer patients might not be effective in T-cell-deficient HIV or 
transplant patients and vice versa. As a whole, one of the greatest 
challenges of any antifungal vaccine will be to deal with the large 
diversity of underlying disease states and of the associated types 
of immunosuppression that characterizes this highly heterogene-
ous risk group (Figure 1).

bACK TO THe FUTURe: New vACCiNe 
STRATeGieS ON THe HORiZON?

Multivalent vaccines
Some monovalent vaccines, i.e., those directed against a single 
strain or a single antigen, are very effective. A good example is 
represented by the measles vaccine, which has almost completely 
eradicated the disease in countries where it has been employed 
consistently throughout the population (125). However, the most 
recent vaccines tend to be multivalent, i.e., they carry multiple 
antigens of two or more strains/serotypes of the same pathogen. 
An example is the quadrivalent meningococcal vaccine that pro-
tects against 4 serogroups (A, C, W-135, and Y) of meningococci. 
The quadrivalent vaccine was shown to be more effective in reduc-
ing invasive meningococcal disease incidence when compared 
with the monovalent C vaccine (126). Another example is the 
13-valent pneumococcal conjugate vaccine (PCV13) containing 
antigens from 13 serotypes of pneumococci. A replacement of 
the seven-valent pneumococcal conjugate vaccine (PCV7) with 
PCV13 covering additional six of the most prevalent serotypes 
that are not included in PCV7 successfully reduced the burden of 
pneumococcal disease in pediatric populations (127).

As C. albicans itself expresses a range of virulence factors and 
several NAC species also carry their own species-specific virulence 
factors, the recent development of univalent subunit vaccines may 
face practical obstacles. Considering above success stories of mul-
tivalent vaccines applied to bacterial infections, it has been argued 

that a better approach toward the development of an anti-Candida 
vaccine would be to simultaneously target multiple unrelated 
virulence-associated antigens (78). The predicted advantages 
include the lower probability of selecting “escape mutants” and 
a higher selectively against the pathogenic form of C. albicans, 
thus sparing the commensal—and perhaps beneficial—form of 
this gut inhabitant. In particular, it was proposed to combine a few 
of the univalent vaccines that have so far progressed furthest in 
clinical trials, such as the Als3 and the Sap2 vaccines (78).

More recently, a study reported that a newly identified cytol-
ytic peptide toxin, Candidalysin, is secreted from C. albicans to 
induce epithelial cell damage and inflammation and to facilitate 
tissue invasion (128). Intriguingly, the mechanism of action of 
this novel virulence factor is partially uncoupled from the hyphal 
morphogenesis program, suggesting that a vaccine targeting 
both the former and the latter would be more effective than one 
targeting only one or the other. In general, as more knowledge is 
gained on the pathogenesis of C. albicans, further targets could 
be added to the list of antigens to be included in a multivalent 
formulation. At the same time, we can also predict that as the 
complexity of the vaccine increases, so will regulatory hurdles 
and manufacturing challenges. Nevertheless, testing the efficacy 
and safety of a combination of more and more antigens is likely 
going to be crucial for better vaccines against Candida infections.

Trained immunity—Toward the Next 
Generation of vaccines?
The classic vaccination paradigm is based on adaptive immunity 
and the raising of long-lasting, protective B- and/or T-cell mem-
ory responses (129). As mentioned above, mounting protective 
antibodies or T-cell responses across different Candida strains 
and species may be challenging due to their large genetic, pheno-
typic and morphological variation and plasticity. In addition, the 
capacity to mount B- and T-memory responses may be impaired 
in immunocompromised or immunosuppressed patients such 
as HIV/AIDS or transplant recipients who are among the high-
est risk groups for candidiasis. Though innate immunity lacks 
most of the properties of classical immunological memory, 
various studies have demonstrated that certain vaccines induce 
a type of innate immune memory known as “trained immunity” 
(Figure  2), which is mediated by monocytes, macrophages or 
NK cells (72). For instance, BCG vaccination reduces mortality 
in low-birth-weight children (130, 131) and vaccination against 
measles reduces all-cause mortality in childhood (132), suggest-
ing non-specific cross-protection against other infections (133).

Testing whether such innate memory responses could be 
stimulated also in adults, PBMCs obtained 2 weeks or 3 months 
after BCG vaccination were found to produce higher levels of 
pro-inflammatory cytokines such as TNF-α and IL-1β when 
restimulated in  vitro with C. albicans (134). Such increased 
cytokine production capacity involved epigenetic changes medi-
ated by increased H3K4 trimethylation in monocytes and was 
dependent on NOD2 and Rip2. Similarly, SCID mice vaccinated 
by BCG are protected against lethal C. albicans infection through 
a T and B lymphocyte-independent mechanism (134). Apart 
from the increased production of pro-inflammatory cytokines 
in monocytes, another study reported that BCG vaccination also 
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FiGURe 2 | Vaccination strategies targeting adaptive or innate immune memory. (A) Classical vaccines initially induce a slow adaptive immune response.  
During this primary response, however, adaptive immune memory is raised, allowing for a more rapid and stronger secondary response upon encounter of  
the targeted pathogen. This protection is very long-lived, but is limited to the antigens present in the vaccine. (b) Most vaccines also induce a very rapid innate 
immune response. During this primary response, some vaccines also “train” innate immune cells, allowing for a stronger secondary innate response against 
pathogens. One advantage of this innate immune memory is the non-specificity of the secondary response, which could potentially lead to broadly cross-
protective vaccines. A potential disadvantage would be the relatively shorter time window of protection.
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enhances IL-1β production in human NK cells when stimulated 
with C. albicans. BCG-induced protection against disseminated 
C. albicans infection was shown to be partially dependent on 
NK cells in NOD-SCID-IL2Rγ−/− mice (135). These studies war-
rant clinical trials to test if BCG vaccination could reduce the risk 
of candidiasis in high-risk patients.

Consistent with what reviewed in Section “Live-Attenuated 
Vaccines,” systemic infection of mice with an avirulent C. albicans 
strain was shown by Antonio Cassone’s group to confer protec-
tion against a subsequent challenge with a pathogenic C. albicans 
strain (26). The protection was shown to be non-specific, as 
cross-protection against C. tropicalis and Staphylococcus aureus 
was equally observed, and to be mediated by macrophage-like 

cells, as adoptive transfer of “plastic-adherent” cells was sufficient 
to confer protection against subsequent challenge with a virulent 
strain of C. albicans. Several years later, Mihai Netea’s group 
demonstrated that vaccination of both wild-type and RAG1−/− 
mice, but not CCR2−/− mice that lack circulating monocytes, with 
a sublethal dose of a virulent C. albicans strain similarly affords 
protection against reinfection with a lethal dose of the same 
strain, and dubbed the phenomenon “trained immunity” (69). 
Increased TNF-α and IL-6 levels from the trained monocytes 
were induced by β-glucan found in the C. albicans cell wall and 
sensed by Dectin-1 on host cells. In another study, mice trained 
with Candida-derived β-glucan showed increased serum levels of 
TNF-α and IL-6 when challenged by LPS four days later, but the 
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response was transient and diminished after 20 days (136). To test 
the possibility of using β-glucan as a vaccine or “immune trainer” 
in humans, a pilot study was conducted by orally administrating 
β-glucan to healthy volunteers and subsequently testing innate 
immune responses in PBMCs restimulated in vitro with C. albi-
cans (137). Enhanced innate immune responses as in the mouse 
model, however, were unfortunately not observed in this human 
study. This may probably be due to the solubility of β-glucan and 
the absorbability of β-glucan in the human GI tract. Further stud-
ies using different administration routes are still worth exploring, 
in order to establish whether β-glucan could one day be used as a 
vaccine to induce trained immunity against subsequent Candida 
infections (Figure 2).

CONCLUDiNG ReMARKS

With the increasing reports of multidrug resistance in several 
Candida species, prophylactic vaccination of at-risk patients 
likely represents a more effective long-term measure to reduce 
the growing incidence of Candida-related infections. The main 
challenges faced by Candida vaccine developers are the large vari-
ation and plasticity of these fungi, the existence of preestablished 
immunological tolerance and the difficulty in raising protective 
memory responses in patients with impaired adaptive immunity. 
In addition to multivalent vaccines, we propose that future vac-
cine development efforts should harness the growing mechanistic 

understanding of trained innate immunity, which might provide 
not only protection against candidiasis but also potentially cross-
protection against a wide range of opportunistic infections. Further 
research on the mechanism, efficacy, and safety of raising trained 
immunity especially in immunocompromised patients would 
pave the way toward the development of a new generation of vac-
cines against Candida-related and other nosocomial infections.
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Invasive fungal infections (IFIs) cause high rates of morbidity and mortality in immuno-
compromised patients. Pattern-recognition receptors present on the surfaces of innate 
immune cells recognize fungal pathogens and activate the first line of defense against 
fungal infection. The second line of defense is the adaptive immune system which 
involves mainly CD4+ T cells, while CD8+ T cells also play a role. CD8+ T cell-based 
vaccines designed to prevent IFIs are currently being investigated in clinical trials, their 
use could play an especially important role in acquired immune deficiency syndrome 
patients. So far, none of the vaccines used to treat IFI have been approved by the FDA. 
Here, we review current and future antifungal immunotherapy strategies involving CD8+ 
T cells. We highlight recent advances in the use of T cells engineered using a Sleeping 
Beauty vector to treat IFIs. Recent clinical trials using chimeric antigen receptor (CAR) 
T-cell therapy to treat patients with leukemia have shown very promising results. We 
hypothesized that CAR T cells could also be used to control IFI. Therefore, we designed 
a CAR that targets β-glucan, a sugar molecule found in most of the fungal cell walls, 
using the extracellular domain of Dectin-1, which binds to β-glucan. Mice treated with 
D-CAR+ T cells displayed reductions in hyphal growth of Aspergillus compared to the 
untreated group. Patients suffering from IFIs due to primary immunodeficiency, second-
ary immunodeficiency (e.g., HIV), or hematopoietic transplant patients may benefit from 
bioengineered CAR T cell therapy.

Keywords: fungal infection, immunotherapy, chimeric antigen receptor, D-CAR+ T cells, cell therapy, Sleeping 
Beauty, CD8+ T cells, adoptive T cell therapy

iNTRODUCTiON

Opportunistic invasive fungal infections (IFIs) are a major threat to the immunocompromised indi-
vidual; neutropenia is a major risk factor for these infections (1, 2). Patients who require prolonged 
immunosuppressive therapy, for example, those who have undergone solid organ transplantation or 
hematopoietic stem-cell transplantation (HSCT) and those who have severe autoimmune diseases 
are also highly susceptible to IFIs (3–7). Other risk factors include long-term stays in an intensive 
care unit, the use of indwelling catheters, chemotherapy, or broad-spectrum antibiotics. The main 
causative agents of IFI are Aspergillus spp., Candida spp., and Cryptococcus spp. The incidence of IFI 
is increasing worldwide (2, 8, 9) (Table 1), and the worldwide crude mortality rate of invasive asper-
gillosis and invasive candidiasis has been estimated to be 0.4 deaths per 100,000 people. However, 
mortality rates associated with IFIs in immunocompromised patients are considerably higher, 
reaching 60–85% for invasive aspergillosis. The emergence of fungal strains that are resistant to cur-
rently available antifungal drugs such as polyenes, triazoles, and echinocandins poses a dangerous 
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TABle 1 | Incidence and patterns of fungal infections worldwide.

Fungal infection incidence per year Reference Main routes Comments

Invasive aspergillosis (Aspergillus) >300,000 (15) Pulmonary

Invasive candidiasis (Candida) 8–10 cases/100,000 (16, 17) Cutaneous
Oropharyngeal
Gastrointestinal
Genitourinary

Mucormycosis (Mucorales) 1.7 cases/1000,000 (18) Sinopulmonary
Disseminated

Cryptococcus ~1,000,000 (19) Pulmonary

Pneumocystis pneumonia In the US, 9% among hospitalized HIV/
acquired immune deficiency syndrome 
patients and 1% among solid organ 
transplant recipients

(20, 21) Pulmonary In immunocompromised patients, the mortality 
rate ranges from 5 to 40% in those who receive 
treatment. The mortality rate approaches 100% 
without therapy

CNS, central nervous system.
Since there is a lack of epidemiological data in many countries, the world incidence rate may be overestimated.
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problem (10) and immune-based treatments are giving new hope 
to combat these deadly fungal infections (11–14).

The host response to fungal infection depends on several fac-
tors, including the host immune status, site of infection, fungal 
morphotype (yeast or hyphae), cell wall complexity, and viru-
lence traits, such as the production of fungal exotoxins (22–25). 
The routes of various fungal infections are listed in Table 1; the 
majority occurs via the sinopulmonary and gastrointestinal 
routes (22). The host immune response to fungal infection occurs 
in a coordinated way via both innate and adaptive immune cells. 
Innate effector cells, mainly macrophages and neutrophils, are 
the first line of defense against inhaled fungal spores (11, 26). 
As a result, most initial fungal encounters go unnoticed (27). 
Pattern-recognition receptors (PRRs) are a family of receptors 
that is composed of the C-type lectin receptors (CLRs), toll-like 
receptors (TLRs), Nod-like receptors, and other receptors that 
initiate immune responses against invading fungal pathogens. 
Cellular expression and signaling mechanism of the PRRs have 
been reviewed previously (28–30).

Most of the sugars present on the fungal cell wall are recognized 
by the receptors from the CLR family, underscoring the constant 
vigil of the host innate immune system against invading fungal 
pathogens (28, 31–33). CLRs recognize the various carbohydrate 
glycoprotein components of the fungal cell wall, such as β-glucan 
or α-mannan, which trigger downstream signaling cascades that 
are essential for inducing protective immunity against fungi 
(34–37). When the fungal insult cannot be quickly controlled, 
adaptive immune cells, mainly CD4+ T  cells, activate other 
cellular responses and antibody production. Adaptive immune 
cells produce cytokines to activate B cells, which in turn secrete 
antibodies against fungal antigens and activate the release of anti-
microbial peptides from endothelial cells. Recent comprehensive 
reviews have already detailed the mechanisms of CD4+ T  cells 
and surveyed current immunotherapeutic strategies to control 
fungal diseases (12, 38, 39). Despite having intact innate immune 
systems, patients with acquired immune deficiency syndrome 
(AIDS) are highly susceptible to fungal infections, highlighting 
the importance of the adaptive immune system. When CD4+ 

T cell counts are low, as in patients with AIDS, CD8+ T cells have 
a heightened role in controlling fungal infections (40). In this 
review, we focus on the functional role of CD8+ T  cells in the 
immune response to fungal infections. We then discuss a new 
method of combating fungal infections, engineering T cells with 
the “Sleeping Beauty” (SB) vector system.

CURReNT AND FUTURe STRATeGieS TO 
CONTROl FUNGAl iNFeCTiONS

Drug Therapy
Antifungal drugs have had only modest success in reducing the 
high mortality rates associated with IFIs. In large part, this is 
because diagnosis of fungal infection and identification of the 
responsible organism is often delayed, leading to a delay in the 
administration of directed antifungal therapy. The use of available 
antifungal drugs is also restricted by their route of administra-
tion, spectrum of activity, and bioavailability in target tissues such 
as the brain (41). Additional issues include toxicity, undesirable 
drug interactions, and drug resistance. Use of the triazoles, for 
example, is limited by their interactions with statins, corticoster-
oids, and other drugs (42).

Despite tremendous improvements in the response rates of 
aspergillosis to modern antifungal agents, fatality rates of 40% 
are common in contemporary real life cohorts of unselected 
patients with leukemia and transplant recipients (43). The high 
rate of mortality following A. fumigatus infection is a result of the 
suboptimal diagnostic tools available, leading to late diagnosis. 
Other factors include rising Aspergillus resistance, and even more 
importantly, the relative ineffectiveness of existing antifungal 
drugs against established Aspergillus infections (44).

The development of effective and safe immune enhancement 
therapies is a major unmet need. Some patients with candidiasis 
struggle with poor outcomes, although this is less common in the 
era of widespread azole prophylaxis given to high-risk patients. 
Randomized controlled studies typically exclude high-risk 
immunosuppressed patients by use of their inclusion criteria (45).
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immunotherapy
Innate Immune Cells
Immunotherapy, which comprises cell-based therapies, such 
as the adoptive transfer of T  cells, dendritic cells (DCs), or 
neutrophils, and other humoral approaches, such as antibodies 
and recombinant pentraxins, is a viable option for control of IFIs. 
Among immunocompetent individuals, the innate immunity 
efficiently prevents and clears IFIs (26). Alveolar macrophages 
are the first line of fungal defense; they recognize, phagocytize, 
and destroy fungal spores (46). Neutrophils also play a key role 
in killing fungal hyphae. They eliminate fungal hyphae by induc-
ing an oxidative burst and by forming neutrophil extracellular 
traps (NETs) (47). Neutrophils utilize NETs to trap the invading 
pathogens by releasing chromatin fibers to form a meshwork 
adorned with cytoplasmic granules containing the antimicrobial 
enzymes myeloperoxidase, cathepsin G and neutrophil elastase 
that destroy trapped pathogens. The whole process is called 
NETosis (48).

To date, immunotherapeutic strategies to combat IFIs have pri-
marily focused on augmenting the number of granulocytes, since 
these cells are known to have fungicidal activity. Granulocyte-
focused immunotherapies include granulocyte transfusions 
(49), infusion of growth factors [granulocyte colony-stimulating 
factor (G-CSF), or granulocyte macrophage colony-stimulating 
factor (GM-CSF)] to increase granulocyte numbers (50), and the 
administration of cytokines such as interferon (IFN)-γ (51) and/
or interleukin (IL)-15, the latter of which promotes the produc-
tion of IL-8 (52), to augment phagocytic and cytotoxic function. 
However, the reconstitution of granulocytes is hampered by an 
inability to numerically expand large numbers of cells ex vivo. 
Moreover, after infusion, reconstituted granulocytes exhibit poor 
persistence owing to increased apoptosis, weak potency, and a 
propensity to become trapped in the pulmonary vasculature (53).

Natural Killer (NK) Cells
Natural killer cells are another type of innate immune cell 
reported to be involved in controlling fungal infections. NK cells 
make up from 5 to 15% of the peripheral blood mononuclear  
cells (PBMCs) of healthy individuals; the NK cell population is 
made up of CD56+ and CD3− cells (54). NK cells are activated 
when signals from activating receptors outweigh signals from 
inhibitory receptors, leading to cytotoxicity directed against 
tumor cells and virus-infected cells. NK  cells also recognize 
infectious fungal pathogens, including A. fumigatus, C. albicans,  
C. neoformans, and Mucorales species (31, 55–58). Recently, CD56 
has been identified as a PRR that can bind directly to both germ 
tubes and hyphae of Aspergillus fumigatus (59). Upon recognition, 
NK cells either induce lysis of these pathogens by secreting per-
forin and granulysin or trigger activation of other immune cells by 
releasing IFN-γ (60). Fungal pathogen-specific NK cell receptors 
and their mechanism of action has been reviewed (61, 62).

Dendritic Cells
Dendritic cells are professional antigen presenting cells (APCs) 
that can recognize and phagocytize fungal conidia and hyphae 
through PRRs and degrade them by fusing with lysosome vesicles 
(63). PRRs activate DCs to secrete cytokines, such as IL-12, IL-6, 

IL-4, and IL-1β that induce T-cell differentiation in the lymph 
nodes. During A. fumigatus infection, pulmonary DCs secrete 
IL-12 upon exposure to conidia, while IL-4 and IL-10 are secreted 
after exposure to hyphae. Therefore, IL-12 signaling generates 
a T helper (Th) 1 cell response, while IL-4 and IL-10 signaling 
generates a Th2 response. DCs also secrete tumor necrosis factor 
(TNF)-α and the chemokine CXCL8 which recruit neutrophils to 
the infection site (64).

In conventional DCs, β-glucan-induced Dectin-1-mediated 
signaling promotes secretion of the cytokines IL-2 and IL-23. The 
release of IL-23 induces Th17 differentiation but it is tightly regu-
lated by IL-2 (65, 66). These data suggest that DCs direct naïve 
T  cells to mature into functional T-cell sub types by secreting 
specific cytokines in the microenvironment based upon stimuli 
received by PRRs from different forms of fungi.

CD4+ T Cells
Even though DCs help to reduce the fungal burden to some 
extent through fusion with lysosome vesicles, the major func-
tion of DCs is to present fungal antigens to naive T-cells. DCs 
present processed antigens via major histocompatibility com-
plex (MHC) class I or class II molecules and interact with naive 
T cells through formation of an immunological synapse. T cells 
are broadly classified into helper CD4+ T  cells and cytotoxic 
CD8+ T cells. In fungal infections, both CD4+ and CD8+ T cells 
participate in the elimination of fungal pathogens (67, 68). On 
the basis of their function and cytokine secretion profile, CD4+ 
T cells are classified into several subsets: Th1, Th2, Th9, Th17, 
Th22, regulatory T cells, and follicular helper T cells. The activity 
of CD4+ T cells against fungal infection in immunocompetent 
individuals has been very well characterized. The most important 
CD4+ T cells in the antifungal immune response are the Th1 and 
Th17 helper T cells. After priming by DCs, CD4+ T cells differen-
tiate into Th1 and Th17 helper T cells. Th1 helper T cells secrete 
the cytokines IFN-γ and TNF-α which activate innate immune 
cells, such as neutrophils, macrophages, DCs, and inflammatory 
monocytes, to fight against invading fungi and bacteria (12, 27). 
The cytokines secreted by Th1 cells also activate B cells, leading 
to the secretion of antigen-specific antibodies against fungi. 
IL-17 secreted by Th17 cells controls fungal infection by mobiliz-
ing neutrophils and protecting mucosal body sites by inducing 
epithelial cells to secrete defensin (69). IL-17 deficiency has been 
shown to enhance susceptibility to Candida albicans infections 
at mucosal sites (70).

CD8+ T Cells
Like CD4+ T  cells, CD8+ T  cells also have sub types, namely 
Tc1, Tc2, and Tc17 (Figure 1). APCs, mainly DCs, cross-present 
fungal antigens to CD8+ T cells. CD8+ T cells can be primed to 
recognize fungi by utilizing a “cross-presentation” and “cross-
priming” approach, in which exogenous or fungal antigens are 
presented on MHC-I molecules (71). DCs internalize exogenous 
fungal products by CLRs and scavenger receptors for processing 
and presenting to MHC-I, and this process is called cross-
presentation. Along with cross-presentation, some of the CLRs, 
for example, Dectin-1 activates DCs via Syk kinase signaling to 
produce IL-12, which favors Tc1 differentiation (72). Curdlan 
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FiGURe 1 | CD8+ T cells activity in the immune response. Differentiation of 
CD8+ T cells into three functional subsets: the cytotoxic cells (Tc1) cells, 
producing high levels of interferon (IFN)-γ, tumor necrosis factor (TNF)-α, 
granzyme, and perforin, which contribute to the killing of yeast infected host 
cells; Tc1 kills fungal infected macrophages and allows the participation of 
humoral immunity (marked as 1); Tc2 cells, release high amounts of 
interleukin (IL)-4 and IL-10, promoting immune suppression; Tc17 cells 
secrete IL-17, which activates mucosal immunity by inducing epithelial cells 
to secrete defensin, antimicrobial peptides (AMPs), and regenerating proteins 
(REG). Some of the activated Tc17 cells may differentiate into memory Tc17 
cells.

TABle 2 | Phenotypic characterization of CD8+ Tc1 and Tc17 cell subtypes.

Cell-
surface 
markers/ 
cytokines

expression 
in  
Tc1

expression 
in  
Tc17

Transcription 
factors/ 
secretory 
granules

expression 
in  
Tc1

expression 
in  
Tc17

CCR6 N.I. High TCF-1 High High
CXCR3 High Low T-bet Low/High Low
CD62L Low/high Low Eomes High
CD27 High Low/

intermediate
Ror (γ)t Low High

KLRG-1 Low Low
IFN-γ + − Perforin + −
TNF-α + − Granulysin + −
IL-2 + −
GM-CSF + −
IL-17 − +

CCR6, C–C motif chemokine receptor 6; CXCR3, C–X–C motif chemokine receptor 3; 
CD62L, cluster of differentiation 62L;CD27, cluster of differentiation 27; KLRG-1, co-
inhibitory receptor killer-cell lectin-like receptor G1; IFN, interferon; TNF, tumor necrosis 
factor; IL-2, interleukin-2; GM-CSF, Granulocyte macrophage colony-stimulating factor; 
IL-17, interleukin-17; TCF-1, T cell factor 1; T-bet, T-box transcription factor; ROR-γt, 
RAR-related orphan receptor gamma; N.I., no information.
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has been demonstrated to stimulate the Dectin-1-syk-CARD 
pathway, producing IL-23 to boost the differentiation of 
Th17 cells (73).

Upon recognition of fungal peptides presented by APCs, CD8+ 
T cells differentiate into Tc1 cells and Tc17 cells (CD8+ T cells 
that secrete IL-17A), depending on the cytokines present in the 
environment. Several reports highlighted the role of Tc1 and Tc17 
cells in protecting humans from fungal infection (74, 75). Tc1 
cells act indirectly by secreting cytokines such as IFN-γ, TNF-α, 
and GM-CSF to activate innate immune cells such as neutrophils 
and macrophages involved in antifungal defense. Furthermore, 
Tc1 cells directly kill unresponsive fungal-infected macrophages 
by secreting cytotoxic factors such as perforin, granulysin, and 
granzyme K (76). DCs uptake fungal breakdown products from 
apoptotic macrophages by endocytosis to cross prime CD8+ 
Tc1 cells. CD8+ Tc17 cells, like CD4+ Th17 cells, secrete IL-17A 
cytokines to activate epithelial cells (mucosal immunity) to 
secrete antimicrobial products such as defensin to fight against 
fungal infections (Figure 1).

The Tc1 and Tc17 subtypes can be divided into effector T cells 
and effector memory T cells on the basis of their expression of 
surface receptors. The cell-surface markers used for phenotypical 
characterization of Tc1 and Tc17 cells are shown in Table 2. Tc1 
cells that express C–X–C motif chemokine receptor 3 migrate 

to the lungs during pulmonary infections, such as pneumo-
cystis (77). Tc17 cells have increased levels of effector memory 
phenotype markers on the cell surface (CD62Llo and CD27it/lo) 
as compared with Tc1 cells, suggesting that Tc17 cells may play 
a role in preserving long-term antifungal immunity in the host. 
Cytokines secreted by CD8+ Tc1 and Tc17 cells boost the innate 
immune system as well as the mucosal immune system to give 
protection from IFI (Figure 1).

CD8+ T cells share many cellular functional mechanisms with 
NK cells, such as releasing cytolytic granules and cytokines. As 
indicated above, in the absence of CD4+ T cells, CD8+ T cells also 
play a major role in controlling fungal infection. Immunotherapy 
could take advantage of several properties of CD8+ T cells, they 
can kill pathogen infected cells, be propagated in large numbers 
ex vivo, be genetically modified to recognize particular antigens, 
and contribute to immunologic memory.

THe ROle OF CD8+ T CellS iN THe 
ANTiFUNGAl iMMUNe ReSPONSe

The immune response to fungi elicited by CD8+ T  cells can 
broadly classified into two processes: (1) T-cell receptor (TCR) 
mediated and (2) TLR and scavenger receptor mediated.

TCR-Mediated CD8+ T Cell Activation
Vaccines are a promising avenue for the treatment and prevention 
of IFIs (78–84) mediated through TCR receptors. The vaccine 
candidates developed against fungal antigens typically activate 
CD4+ T  cells and Th17  cells. Several highly immunogenic and 
protective vaccine formulations for candidiasis are currently 
undergoing clinical trials (84, 85). It is worth noting that vaccina-
tion against fungi has mainly focused on yeast pathogens, such as 
Candida spp. and Cryptococcus spp. (80), and endemic mycoses 
that infect immunocompetent individuals, such as Coccidioides 
spp. (86), Blastomyces spp., and Histoplasma spp. It remains to 
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TABle 3 | Fungal vaccine candidates and their CD8+ T-cell mechanisms of action.

Fungal infection Candidate CD8+ T cell responses Model Reference

Aspergillosis Recombinant fungal antigens Pep1p, Gel1p, and Crh1p Cytotoxic activity Murine (100)
Live A. fumigatus conidia or A. fumigatus cell wall glucanase Crf1p Cytotoxic activity Murine (101)

Blastomycosis Attenuated mutant lacking BAD1 Tc17 cells Murine (74, 91)
Attenuated mutant lacking WI-1 adhesin TNF-α, IFN-γ, and GM-CSF production; 

CD8+ T cell memory
Murine (75, 92)

Coccidioidomycosis Arthroconidia of the 95–291 strain Cytotoxic activity; TNF-α production Murine (88)
Live spores of the Δcts2/ard1/cts3 strain IFN-γ production Murine (89)

Candidiasis Candidal adhesin (rAls3p-N) plus aluminum hydroxide adjuvant Cytotoxic activity Murine (102)
Candida dubliniensis mannan–human serum albumin conjugate Upregulation Rabbit (103)
Cytosolic antigens entrapped in liposomes Upregulation Murine (104)

Paracoccidioidomycosis N.I. N.I. N.I. N.I.

Cryptococcosis Cytosolic proteins Tc1 cells Murine (90)

TNF, tumor necrosis factor; IFN, interferon; GM-CSF, granulocyte macrophage colony-stimulating factor; N.I., no information.
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be seen whether similar strategies will be as effective against 
opportunistic fungi, such as Aspergillus. In preclinical studies, 
vaccination using both crude and recombinant Aspergillus anti-
gens improved the survival of immunocompromised mice fol-
lowing inhalation and intravenous administration of Aspergillus 
fumigatus (87).

Direct killing by CD8+ T cells has not been widely explored 
in the development of an immunotherapy against fungi, even 
though studies demonstrated the essential role of the CD8+ 
T-cell response in controlling fungal infections after vaccination 
(74, 75, 88–92) (Table 3). However, the presence of Aspergillus-
specific CD8+ T cells has been shown in both mice and humans 
(93–96). Moreover, Mucorales (97) and Fusarium-specific T-cells 
(98) were reported in hematologic patients with IFI. Type I 
CD8+ T-cells (Tc1) were shown to provide protection against 
pneumocystis in mice (99). Preclinical studies demonstrated that 
the direct effect of CD8+ T cell-mediated cytotoxic activity and 
TNF-α and IFN-γ production were necessary to clear infected 
macrophages containing H. capsulatum (76), and provided full 
protection against coccidioidomycosis (88, 89). The activation 
of CD8+ T  cells also contributed a protective response during 
Cryptococcus neoformans infection; involvement of Type 1 CD8+ 
T (Tc1) cells was triggered through immunization with the 
cytosolic proteins of the pathogens (90). Moreover, CD8+ T-cells 
secrete IL-17A to give protection against lethal fungal diseases, 
such as Blasotomyces dermatitidis and Histoplasma capsulatum, 
by supporting neutrophil activity (74) (Figure 1).

However, there are limitations for vaccine therapy. Currently, 
no FDA-approved vaccines are available to prevent the major 
opportunistic fungal infections, specifically candidiasis, aspergil-
losis, and cryptococcosis. Several reasons underlie the paucity 
of viable candidates. First, these infections are relatively uncom-
mon, compared to viral and bacterial infections and typically 
occur in severely ill patients. Thus, finding sizable niche patient 
population who can benefit from a cost-effective vaccine strat-
egy is difficult and not an area of priority for development by 
the pharmaceutical industry. Second, high-risk patients have 
pleiotropic and ever-evolving defects in both innate and adap-
tive immunity. As responses to fungi depend on both arms of 

the immune response, and because such responses are complex, 
depending on the site of infection (mucosal vs systemic infection) 
and the type of fungus (e.g., Candida or Cryptococcus vs a mold), 
much more groundwork needs to be done to decipher the key 
elements of a successful vaccine. In addition, there are questions 
regarding the efficacy and feasibility of using a vaccine in immu-
nocompromised patients, since they are incapable of mounting a 
complete immune response (105).

TlR-Mediated CD8+ T Cell Activation
Toll-like receptors of the innate immune system play a major 
role in recognizing fungal cell wall carbohydrates, cell wall 
breakdown products, RNA, and DNA (13, 106–108) and thereby 
activate immune cells. One possible mechanism TLRs use to 
augment T-cell activation is when DCs activate fungal-specific 
CD8+ T cells by cross-presenting fungal antigens. TLR3 plays a 
crucial role in this process by sensing fungal RNA derived from 
necrotic cells and activating CD8+ memory T  cells along with 
DCs. Indeed, TLR3−/− mice are more susceptible to Aspergillus 
infection than are control mice (101), and people with mutations 
in key TLR3 and TLR4 signaling components are susceptible to 
various fungal infections (109–111).

T-Cell Activation Mediated by Scavenger 
Receptors and Other Receptors
The scavenger receptor proteins are a highly heterogeneous set 
of proteins expressed on the cell surface that are involved in the 
uptake of modified low-density lipoproteins and a variety of 
microbes. One of the scavenger receptors, CD5, has been shown 
to bind β-glucan, a fungal cell wall sugar moiety, as well as many 
strains of yeast cells (112). CD5 is expressed on T  cells and a 
small subset of mature B cells, where it associates with antigen 
receptors. Upon stimulation with zymosan (a protein-sugar 
moiety derived from the yeast cell wall), a CD5-transfected cell 
line produces IL-8, suggesting that CD5 has a pro-inflammatory 
role in fungal infection (112).

Besides TLRs, T  cells have other receptors such as CD23 
and CD56 for direct recognition of fungal antigens. CD23 is an 
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FiGURe 2 | Schematic representations of the T-cell receptor (TCR) complex and second-generation single-chain variable region (scFv)-chimeric antigen receptor 
(CAR) and D-CAR. (A) Unmodified endogenous TCR complex and (B) genetically modified TCR complex. The α and β chains are highlighted in different colors. 
(C) The CD19R-CAR derived from a scFv region of a CD19 antigen-specific mouse monoclonal antibody and (D) the D-CAR+ derived from an extracellular 
domain of the Dectin-1 receptor. CD19R-CAR and D-CARs shown here have the same signaling domains, derived from costimulatory molecules, such as  
CD28 and CD3-ζ.
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inducible low-affinity receptor for immunoglobulin (Ig)E (113). 
It can recognize both β-glucan and α-mannan sugar moieties and 
thereby targets both yeast and hyphae forms of Candida (114), 
and upon activation, it upregulates nitric oxide production to 
destroy invading Candida. C-Jun N-terminal kinases (JNK1) 
activation suppresses the expression of CD23, which increases 
susceptibility of fungal infection. This was verified in JNK1 
KO mice which showed resistance to Candida infection when 
compared to control mice (114). CD56 is a NK cell receptor that 
has been shown to bind to Aspergillus hyphae in a concentration-
dependent manner. Blocking of CD56 reduced fungal-mediated 
NK cell activation (59). Activated T-cells expresses high levels of 
CD56 and its expression level directly correlates with T-cell effec-
tor functions (115). However, additional studies are warranted to 
verify that the CD56 mediated CD8+ T cells are activated during 
fungal infection.

ADOPTive T-Cell THeRAPY

Over the years, several immunotherapies have been used to treat 
fungal infection. One such immunotherapy, adoptive T-cell ther-
apy (ACT), is a promising therapeutic strategy not only for cancer 
but also for treating viral and fungal infections (38, 116–118). 
ACT involves the isolation and ex vivo expansion of autologous 
T cells in an antigen-specific manner; these expanded T cells are 
later infused into the patient. ACT has been shown to be effective 
in controlling viral infections, such as cytomegalovirus (119) and 
fungal infections, such as Aspergillus in HSCT patients (120). 
Immunocompromised patients, especially patients undergoing 
allogeneic HSCT, are highly susceptible to IFIs (7). The mortality 
rate from IFI in this patient population remains unaccept-
ably high, partly due to the long-lasting immunosuppression in 
patients after HSCT (3, 121). Most IFIs in these patients occur 

after engraftment of the innate immune system, which suggests 
that adaptive cellular immunity plays a major role in controlling 
IFIs. In fact, adoptive transfer of CD4+ Th1  cells elicited sig-
nificant protection against invasive aspergillosis in haploidentical 
HSCT settings (120). These findings have generated a growing 
interest in restoring adaptive immunity against fungal pathogens 
by infusing donor-derived antifungal T  cells and in various ex 
vivo methods of propagating clinical-grade Aspergillus-specific 
T cells (38, 122). Recently, the FDA-approved chimeric antigen 
receptor (CAR) T-cell therapy to treat B-cell malignancies. CAR 
T cell technology can be applied to redirect T cell specificity to 
target fungal pathogens.

Three approaches are used to redirect T-cell specificity against 
a particular antigen (123).

 1. Gene modification with antigen-specific TCRs in which the 
α and β chains of the TCR are cloned from tumor-associated 
antigen-specific T-cell clones (124, 125).

 2. Gene modification using natural receptors other than TCRs, 
such as the Dectin-1 receptor (126).

 3. Introduction of a CAR that recognizes tumor-associated 
antigens through a single-chain variable region (scFv) derived  
from the corresponding monoclonal antibody (127). Currently, 
there are no reports in the literature of scFv-derived CAR 
T-cells targeting fungal antigens. Therefore, in the current 
review, it was added for comparison analysis with D-CAR+ 
T cells (Figure 2).

Gene Modification Using Pathogen-
Specific TCRs
T-cell receptors are found on the surface of T cells as heterodi-
mers of α and β chains and they recognize antigens presented 
by the MHC receptors of the APCs. For ACT, genes of tumor 
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antigen-specific TCRs are isolated from patients and engineered 
into T cells using a viral or non-viral-based vector system (128, 
129). These T cells are expanded ex vivo to generate large num-
bers for infusion. Improvements in vector design have recently 
increased the efficiency of this approach, and the avidity of 
the TCR has been improved by substituting amino acids in its 
complementarity determining region and introducing cysteines 
to form disulfide bonds, thereby preventing α- and β-chain mis-
pairing. TCR-mediated T-cell responses to fungal antigens have 
been documented in both in vitro and in vivo studies (130, 131).

In colon cancer studies, TCR-driven ACT was effective in 
reducing tumor volume (132), but a high incidence of toxicity 
was reported, especially when high-avidity TCRs were used 
(133). Moreover, TCR-specific therapy is MHC restricted; if 
tumor cells lose antigen expression by downregulating MHC, 
they can evade the T cell attack (134). Hence, TCR-specific T-cell 
recognition is restricted to a single type of MHC molecule that 
presents the targeted antigen (135). In order to circumvent this 
problem, CAR-based therapy was developed. With CAR-based 
T-cell therapy, the tumor recognition of the CAR is not depend-
ent on MHC (136).

engineered CAR T-Cell Therapy
Engineered T-cell therapy involving the introduction of a CAR, 
which recognizes tumor-associated antigens through its scFv, 
is derived from the corresponding monoclonal antibody. CAR-
based therapy involves the genetically engineered fusion of a 
variable light chain and a variable heavy chain that are specific 
for a cell-surface antigen and are tailored to produce an activat-
ing signal to host immune cells upon antigen engagement (137). 
CAR-based T-cell therapy has several key advantages. First, a 
CAR-based approach can be used in all tumor conditions express-
ing the antigen and is not MHC restricted. Second, tumor cells 
have no protection against CAR-based immunoediting. Finally, a 
varied range of tumor antigens can be targeted using this system, 
including glycoproteins and lipids (138, 139).

The CAR has been structurally refined over three genera-
tions of development. CAR’s structure consists of four elements: 
an antigen-targeting domain, an extracellular linker/spacer, a 
membrane-spanning (transmembrane) domain, and an intracel-
lular signaling domain. The antigen-specific domain is usually 
derived from the scFv of the monoclonal antibody targeting the 
antigen. The linker makes the CAR flexible so that it can reach 
the antigen. A mutated IgG derived Fc sequence incapable of 
activating innate immune cells is commonly used because of 
its stability in expressing the CAR on the cell surface (140). In 
first-generation CARs, the transmembrane domain used CD4 or 
CD8, while CD28 was used in second-generation CARs (141). 
The intracellular signaling domain of second-generation CARs 
used CD3-ζ along with the costimulatory signaling domain 
CD28 (142). Tumor clearance and persistence is better in second- 
and third-generation CAR+ T  cells than in the first generation  
(140, 141, 143, 144).

SB, a Non-viral-Based vector
Several vector systems have been used to introduce the CAR 
transgene into T  cells. Of these, mammalian transposon/

transposase-based vectors produce the most robust integration, 
have low immunogenicity, and allow for easy manipulation of 
plasmids. Multiple vectors have been studied in mammalian 
systems, including the SB transposon (derived from the fish, 
Tanichthys albonubes), the PiggyBac element (from the moth, 
Trichoplusia ni), Frog Prince (from the frog, Rana pipiens), 
Himar1 (from the horn fly, Haematobia irritans), Tol2 (from the 
fish, Oryzias latipes), and Passport (from the flatfish, Pleuronectes 
platessa) (145, 146).

Among all of the elements with activity in mammalian cells, 
the SB transposon is one of the most widely studied for use in  
gene transfer (147, 148). The SB transposase was derived by com-
bining inactive transposase sequences from the genome of sal-
monid fish and then reversing the termination codon to activate 
transposase activity. A typical SB vector consists of 230-base pair 
(bp) regions containing long inverted and direct repeats (IR/DR) 
flanking the target gene sequence. These IR/DR sites bind with 
SB transposase to transfer the target gene to the host genome. 
In addition to the IR/DR sites, SB transposase also contains a 
DNA-recognition site, a nuclear localization signal, and a cata-
lytic domain. Gene transfer using the SB transposon/transposase 
involves a cut-and-paste mechanism. The SB transposase protein 
is translated and accumulated in the cytoplasm, which is then 
imported into the nucleus using the nuclear localization signal. 
The SB transposase protein binds to the IR/DR sequence of the 
transposon, causing DNA breaks around the gene of interest.

The integration site of the gene cut from the SB transposon in 
the T cell genome depends on the presence of a TA dinucleotide 
site, DNA flexibility, and proximity of the donor and receiver 
(local hopping). More than 25% of integrations occur within 
a 200-bp region between the donor and receiver sites of the 
gene, and more than 75% of integrations are located in a single  
chromosome. CD19R-CAR T  cells were developed using the 
SB vector and successfully used in clinical trials to treat acute 
myeloid leukemia and chronic lymphocytic leukemia (127, 149).

Dectin-1 CAR T-Cells to Target  
β-Glucan-expressing Fungi
We modified this prototypical CAR to recognize carbohydrates 
by utilizing the pattern-recognition properties of Dectin-1  
(126, 150, 151). It is specific for β-glucan, a glucose polymer 
consisting of β-1, 3-glucan and β-1, 6-glucan that is expressed 
on the cell wall of all known fungi (152–155). We hypothesized 
that the extracellular portion of Dectin-1 could be adapted as 
the specificity domain for a CAR (D-CAR) on T cells to redirect 
their specificity to β-glucan expressing fungi such as Aspergillus. 
Using the extracellular domain of Dectin-1, we engineered a CAR 
with specificity for the fungal cell wall sugar moiety β-glucan. 
This CAR was fused in frame to a modified human IgG4 hinge/
Fc stalk (156), CD28 transmembrane domain, and a combination 
of CD28 and CD3ζ intracellular domains. This design is similar 
to that of our second-generation CD19-specific CAR (designated 
CD19RCD28), which is currently being employed in clinical tri-
als to treat B-cell leukemia (157) (Figure 2).

Since this was the first time that a PRR was adapted to redirect 
T-cell specificity, we employed multiple assays [cell viability 
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FiGURe 3 | The proposed activation pathways of Engineered T cells. (1) Expression of D-CAR+ using Sleeping Beauty system, namely, D-CAR+ T cells; (2) the 
β-glucan expressing Aspergillus germlings are recognized by D-CAR+-T cells and induce the production of interferon (IFN)-γ, which favors the microbicidal activity of 
macrophages and neutrophils. Activated D-CAR+-T cells also secrete granzyme and perforin to degrade fungal cell walls. (3) The activation of the D-CAR+-T cells 
can also occur by cross-presentation of dendritic cells (DCs) and recognition by specific T-cell receptor (TCR), and (4) direct interaction of fungal breakdown 
products with toll-like receptors and scavenger receptor-ligands.
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assay (XTT), cytokine production, upregulation of CD107a, 
and microscopy] to compare the ability of D-CAR+ T  cells to 
target germinating Aspergillus hyphae with that of CD19-specific 
T cells. All of these assays demonstrated that the D-CAR activated 
the cytolytic machinery of the genetically modified T cells and 
probably their perforin/granzyme pathway as well (126). The 
production of IFN-γ by the D-CAR+ T cells may further augment 
innate immunity to IFIs. Treatment with recombinant IFN-γ or 
IFN-γ derived from CD4+ helper T  cells or NK  cells has been 
shown to augment anti-Aspergillus activity (55, 122). It remains 
to be determined whether the D-CAR-dependent production of 
IFN-γ contributes directly to the clearance of fungal infections or 
whether this activity works indirectly through the activation of 
granulocytes. Other cytokines, such as IL-17, may also participate 
in antifungal immunity. Reports indicate that IL-17 can activate 
neutrophils in a similar manner to IFN-γ (158), though increased 
levels of IL-17 are associated with mortality (153, 159–162) 
(Figure 3).

The use of combination therapies may supplement the anti-
fungal efficacy of D-CAR+ T  cells. For example, in Aspergillus 
pre-exposed to Caspofungin, β-glucan residues in the cell wall 

were unmasked, enhancing antifungal activity mediated by neu-
trophils (163). In HSCT patients, innate immune cells are present 
in the blood within 2 weeks of the stem-cell transplant, whereas 
it takes, on average, 7–12 months for NK, B, and T cells to be 
produced. Most IFIs occur during this period because no cellular 
immune system exists to support the innate immune system  
(7, 164). One clinical application for the add-back of donor-
derived D-CAR+-T  cells after allogeneic HSCT is to provide 
protection from IFIs by the recognition of β-glucan moieties 
present in all opportunistic fungi.

Bioengineered Dual CAR T Cells to Target 
B-Cell leukemia and iFi
CD19-specific CAR T-cells have been used successfully to 
treat acute lymphoblastic leukemia (ALL) by eliminating both 
malignant and normal B-cells, since CD19 is also expressed on 
normal cells. However, total elimination of B-cells resulted in 
B-cell aplasia as a side effect (165). Therefore, patients undergo-
ing CAR T  cell therapy are typically given intravenous Ig to 
control bacterial and fungal infections. Also, high incidences 
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of IFI are found in patients diagnosed with pediatric ALL  
(166, 167). These patients will gain additional benefits if 
CAR T cells can be engineered to destroy both IFI and tumor 
cells. With this goal in mind, we developed a novel gene 
therapy approach using dual CAR T cells to prevent IFIs such 
as Aspergillus and Candida and also treat B-cell leukemia. To 
target fungal infections, we adapted the PRR Dectin-1 to acti-
vate T cells via chimeric CD28 and CD3-ζ upon binding with 
β-1,3-gucan carbohydrate present in the fungal cell wall. The 
D-CAR+ T  cells exhibited specificity for β-1,3-gucan and led 
to damage to fungal hyphae and inhibition of hyphal growth 
of Aspergillus and Candida upon testing in both in  vitro and 
mouse models. To target B-cell leukemia, we adapted chimeric 
CD19R-CD28-CD3-ζ T-cells that are currently being used in 
clinical trials (149). The D-CAR+ T cells do not kill the yeast 
form of Candida so there should not be any reactions to normal 
commensals that live in the gut microbiota. Also, D-CAR T cells 
can control Aspergillus infections in the presence of immuno-
suppressive drugs at physiological concentrations (168). Thus, 
we propose utilizing the clinically appealing dual CAR T cells 
to control both leukemia and IFIs.

Future Directions for CAR T-Cell Therapy
The recent breakthroughs in bioengineered CAR T-cell therapy 
for cancer have opened up new horizons for targeting infectious 
disease-causing organisms, such as viruses, bacteria, and fungi. 
This approach promises to be especially useful in immunocom-
promised patients or those requiring long-term immunosuppres-
sive drug therapy, such as solid organ transplant recipients. CAR 
T-cell therapy offers not only an immediate cure of the disease, but 
also long-term benefits because memory CAR T cells will protect 
the host from future attack by foreign invaders. This therapy will 
also give new hope to patients suffering from drug-resistant IFIs 
such as aspergillosis. An advantage of D-CAR T cell therapy is 
that it can be used with antifungal therapy such as Caspofungin 
and Amphotericin-B, thereby reducing drug-related toxicity 
such as nephrotoxicity associated with Amphotericin-B.

Several factors limit the immediate clinical applications of 
CAR T-cell therapy. Cytokine storm and neurotoxicity are the 
major side effects of CAR T-cell therapy and the good news is 
that now clinicians are successfully addressing these symptoms 
(169). Since D-CAR+-T cells are activated by the β-glucan sugar 
moiety which is not present in the mammalian system, off-target 
related toxicities may be minimal. At present, we cannot rule out 
the possibility of other toxicities such as macrophage activation 
syndrome or GvHD that are observed in CAR T therapy to treat 
cancers (170).

At present, CAR T-cell therapy is a personalized therapy; 
more CAR T-cell manufacturing centers are needed to produce 
clinical-grade T  cells in a cost-effective way. The therapeutic 
success of any form of ACT depends on infusing sufficient 
numbers of T cells that lack replicative senescence and terminal 
differentiation and have the desired specificity (171). The CAR 
T-cell therapy used in current clinical trials requires the use 
of a Good Manufacturing Practice (GMP)-compliant facility to 
generate the T  cells; it takes 2–4  weeks to propagate enough 
CAR T cells for infusion into the patient. However, the length 

of time T cells spend in culture, especially if they are propagated 
under non-physiological conditions, may erode the quality of 
the product despite increasing its quantity. Thus, a technique 
to generate T  cells that can be harvested from peripheral 
blood, minimally manipulated, and infused within a few days 
of collection is appealing. Pharmaceutical and biotechnology 
companies are actively evaluating methods for generating CAR 
T cells in less than a week by automating the cell culture process. 
Automation has immediate appeal, as it avoids the expense and 
risk of contamination associated with prolonged culture and 
reduces human labor-associated error. Rapid production may 
in fact improve the therapeutic potential of the manufactured 
T  cells by allowing them to avoid the replication senescence 
and terminal differentiation that causes them to lose in  vivo 
persistence.

Approaches to generating T cells in compliance with GMPs 
are based on the ex vivo use of reagents to identify antigen-
specific T cells. One approach is to use fluorescence-labeled or 
paramagnetic-labeled probes that bind TCRs to identify T cells 
with the desired specificity. The labeled T cells are subsequently 
subjected to fluorescence-activated cell sorting or magnetic 
selection to generate a homogeneously tagged product that can 
be immediately infused upon meeting release criteria (172, 173). 
The success of this approach is measured in terms of the time 
needed to identify antigen-specific T cells and the specificity of  
the harvested product. In another approach, antigen-specific 
T cells are isolated from donor PBMCs using a cytokine-capture 
system. In this process, donor PBMCs are incubated with a pep-
tide antigen for 4 h; the activated T cells secrete IFN-γ, which is 
captured by a magnetic bead-conjugated bi-specific antibody. One 
arm of the bi-specific antibody is specific to IFN-γ, and the other 
arm is specific for the cell-surface CD45. T cells that secrete IFN-γ 
are then separated by passing them through a column. However, 
this approach is limited by the number of antigen-specific T cells 
in the donor. If more than one donor is available, prescreening of 
T cells (obtained from potential donors by simple venipuncture) 
for antigen-specific secretion of IFN-γ will determine the most 
suitable donor.

Despite these limitations, adoptive transfer of viral-antigen-
specific T cells that have been modified for minimal manipula-
tion and immediate infusion has been successful in clinical trials 
(174). TCR sequences can be identified from these antigen-
specific T cells and can be used to generate TCR CAR T cells 
(175). Some clinical applications, such as infusion of allogeneic 
antigen-specific T  cells after HSCT, are not possible because 
the initial donor may be unavailable or anonymous. In these 
cases, however, potential recipients may benefit from infusion 
of “captured” T cells from third-party donors that can recognize 
antigens via a human leukocyte antigen molecule shared by the 
recipient and the donor. These “off-the-shelf ” T cells could be 
premanufactured and cryopreserved for infusion on demand. 
This approach might be better for prophylaxis in high-risk 
patients than for treatment in patients with recalcitrant IFIs. A 
precedent for this approach was reported, in which third-party 
Epstein–Barr virus-specific T  cells and multivirus-specific 
T  cells were infused (119, 176, 177). This approach could be 
adapted to treat or prevent IFIs.
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CONClUSiON

Adoptive T-cell therapy could play a key role in controlling IFI. 
The GMP grade protocols for isolation of fungal-specific T cells 
are well characterized. Fungal-specific CD8+ T-cells protect the 
host by activating the host innate immune system (Tc1 mediated) 
and mucosal immune system (Tc17 mediated) against IFI. For 
direct control, D-CAR+ T-cells have been developed by fusing 
the extra cellular domain of Dectin-1 and cytoplasmic domains 
of CD3 and CD28 receptors. It can target various fungi, such 
as Aspergillus and Candida (126), and such treatment is highly 
warranted to combat IFI infections in immunocompromised 
patients. We have also developed Bi-specific CARs to target both 
B-cell malignancies and IFI by expressing CD19R-CAR and 
D-CAR in the same T-cell. The high costs involved with providing 
CAR T-cell therapy may prohibit many patients from receiving 
this potentially life-saving therapy, especially those located in the 
developing world, where fungal infections are highly prevalent. To 
reduce the manufacturing costs, off-the-shelf products are being 
developed which can be adapted for treating IFI in near future.
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