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SUMMARY

iNKT cells are innate T lymphocytes recognizing endogenous and foreign lipid antigens presented 

in the MHC-like molecule CD1d. The semi-invariant iNKT cell TCR can detect certain bacterial 

and parasitic lipids, and drive iNKT cell responses. How iNKT cells respond to fungi, however, is 

unknown. We found that CD1d-deficient mice, which lack iNKT cells, poorly control infection 

with the fungal pathogen Aspergillus fumigatus. Furthermore, A. fumigatus rapidly activates 

iNKT cells in vivo and in vitro in the presence of APCs. Surprisingly, despite a requirement for 

CD1d recognition, the anti-fungal iNKT cell response does not require fungal lipids. Instead, 

Dectin-1 and MyD88-mediated responses to β-1,3 glucans, major fungal cell-wall 

polysaccharides, trigger IL-12 production by APCs that drives self-reactive iNKT cells to secrete 

IFN-γ. Innate recognition of β-1,3 glucans also drives iNKT cell responses against Candida, 

Histoplasma and Alternaria, suggesting that this mechanism may broadly define the basis for anti-

fungal iNKT cell responses.
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INTRODUCTION

Invariant Natural Killer T (iNKT) cells are a subset of innate-like T lymphocytes 

recognizing lipid antigens presented in the non-polymorphic MHC-like molecule CD1d 

(Cohen et al., 2009). Like other innate lymphocytes, iNKT cells are self-reactive and express 

a semi-clonal T cell receptor (TCR) with a canonical TCRα chain paired with a limited set 

of TCRVβ chains. Following development, iNKT cells emerge from the thymus and 

circulate in a state of partial activation that phenotypically resembles that of effector/

memory T cells (Godfrey et al., 2010). Thus poised for rapid response, iNKT cells release 

large quantities of cytokines such as IFN-γ, IL-2, TNF-α, IL-4, IL-13, IL-17 and GM-CSF 

within minutes to hours after primary TCR-mediated stimulation. As a result, iNKT cells act 

as powerful modulators of many biological processes including inflammation, 

autoimmunity, tumor rejection and anti-microbial immunity (Bendelac et al., 2007). During 

infection, rapid iNKT cell activation can contribute to shaping both ongoing innate 

responses and developing adaptive ones, with important consequences for microbial 

clearance. This is evidenced by the increased susceptibility of iNKT cell-deficient mice to a 

range of bacterial, viral and parasitic infections (Cohen et al., 2009; Tupin et al., 2007).

It remains unclear how iNKT cells can be activated by a broad range of microbes given the 

essentially clonal nature of their TCR repertoire and the lack of polymorphism of CD1d 

(Brigl and Brenner, 2010; Kronenberg and Kinjo, 2009). A number of bacteria and parasites 

have been found to synthesize glycolipids that can be presented in CD1d and trigger anti-

microbial iNKT cell responses. Organisms in which iNKT cell antigens have been defined 

include Sphingomonas α-proteobacteria, the pathogenic bacteria Borrelia burgdoferi and 

Streptococcus pneumoniae, as well as the parasite Leishmania donovani (Amprey et al., 

2004; Burrows et al., 2009; Fischer et al., 2004; Kinjo et al., 2006; Kinjo, 2005; Mattner et 

al., 2005; Sriram et al., 2005). Thus, it is now clear that CD1d can function as a microbial 

antigen-presenting molecule, and that iNKT cells are able to detect a number of microbial 

lipids. However, the range of microbes able to synthesize lipids recognized by iNKT cells 

remains uncertain. Furthermore, it is apparent that in the context of viral infection iNKT cell 

activation must occur in the absence of foreign lipid recognition. Indeed, in some cases, 

inflammatory cytokines such as type I IFN, IL-12 and IL-18 elicited by Toll-like receptor 

(TLR) mediated innate responses, usually in combination with weak self-reactive TCR-

signals, are sufficient to drive iNKT cell responses in the absence of foreign lipids (Brigl et 

al., 2003; Mattner et al., 2005; Nagarajan and Kronenberg, 2007; Paget et al., 2009; Paget et 

al., 2007; Salio et al., 2007).

While these findings have illustrated how iNKT cell responses may be mounted against 

bacteria, parasites and viruses, the iNKT cell response to fungi, a group of pathogens with 

growing clinical importance, has remained entirely uncharacterized. Fungi synthesize a 

variety of lipids that they use in cellular and pathogenic processes including membrane 

biogenesis, energy storage, inter- and intra-cellular signaling and virulence (Kaneko et al., 

1976; Singh and Del Poeta, 2011). While some fungal lipids are found in mammalian cells 

as well, fungal biosynthesis pathways also give rise to many lipid species not found in 

mammals and that could potentially act as microbial-specific iNKT cell antigens (Itoh and 
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Kaneko, 1975; Shea et al., 2006). Furthermore, evidence suggests that iNKT cells may help 

orchestrate successful anti-fungal responses. Specifically, studies have found that clearance 

of the opportunistic fungal pathogen Cryptococcus neoformans (C.n.) from the lungs is 

delayed in iNKT cell-deficient mice, and that the DTH response to the fungus is obliterated 

(Kawakami et al., 2001a). In addition, treatment of systemically infected mice with the lipid 

α-galactosylceramide (α-GalCer), a potent artificial iNKT cell antigen, diminishes the 

fungal burden in the lungs and spleen of infected mice, and promotes protective Th1 

responses (Kawakami et al., 2001b; Kawakami et al., 2001c). These data indicate that iNKT 

cells may occupy an important position in the mammalian anti-fungal arsenal, and 

underscore the value of defining the mechanisms leading to their deployment.

In this study, we sought to characterize the iNKT cell response to the fungus Aspergillus 
fumigatus (A.f.), a ubiquitous mold responsible for a spectrum of human illnesses including 

fatal invasive disease in immune-compromised hosts. We found that CD1d−/− mice are 

impaired in their ability to rapidly control A.f. infection. Furthermore, iNKT cells become 

activated by A.f. both in vivo following infection, and in vitro in the presence of antigen-

presenting cells (APC). Unexpectedly, while CD1d recognition was required for driving 

iNKT cell anti-fungal responses, fungal lipid antigens were not. Instead, we define a broadly 

applicable and distinct mechanism that links innate recognition of fungal β-glucans, 

structural polysaccharides shared by all fungi, with iNKT cell activation, bypassing the need 

for cognate TCR-mediated recognition of fungal lipid antigens.

RESULTS

Mice deficient in CD1d-restricted T cells are impaired in early fungal clearance

In order to determine if CD1d-restricted T cells promote anti-fungal immune responses, we 

infected wild type (WT) and CD1d−/− B6 mice with live A.f. conidia intra-tracheally (i.t.) 

and monitored clearance of the fungi from the lungs. While both WT and CD1d−/− mice 

eventually eliminated the infection and neither group developed invasive disease 

characterized by the formation of fungal hyphae, CD1d−/− animals exhibited significantly 

higher CFUs one week post-infection (p=0.0286), indicating that early clearance of fungal 

spores was impaired (Fig. 1a and data not shown). In addition, observation of stained lung 

sections and flow cytometric analysis of infected lungs revealed that CD1d−/− mice 

developed exacerbated pulmonary inflammation characterized by higher numbers of 

inflammatory monocytes, DCs and neutrophils compared to WT mice (Sup. Fig. 1 ac). 

These data suggest that mice lacking CD1d-restricted T cells develop less effective early 

anti-fungal responses and are compromised in their ability to rapidly clear A.f. from their 

lungs.

A.f. rapidly activates iNKT cells in vivo during pulmonary infection

In order to determine whether iNKT cells specifically respond to A.f. infection, we assessed 

the kinetics and activation of iNKT cells in the airways of A.f.-infected mice by flow 

cytometry. Large numbers of iNKT cells appeared in the bronchio-alveolar lavage fluid 

(BAL) of infected mice as early as 3 days post-infection, and the cells persisted at least until 

day 6 (Fig. 1b). Furthermore, iNKT cells in both the lungs and the BAL rapidly became 
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activated in response to the fungus. Levels of the activation marker CD69 expressed on 

iNKT cells were increased three days following infection, and reached their peak by day 6. 

Similarly, iNKT cells in the airways rapidly secreted IFN-γ (Fig. 1c, d). IFN-γ secretion 

occurred as early as 24 hours post infection (data not shown), but the percentage of IFN-γ+ 

iNKT cells peaked at day 3, reaching a mean of 22.9±3.3% in the lung and a mean of 

13.4±1.9% in the BAL. While iNKT cells were not found to secrete significant levels of IL-4 

or up-regulate CD25 in the context of A.f. infection, in some experiments, a small number of 

iNKT cells did produce IL-17, but the fraction of IL-17+ iNKT cells was typically under 5% 

(Fig. 1c, Sup. Fig. 1d and data not shown). Lymphocytes other than iNKT cells also secreted 

IFN-γ at early timepoints following infection. Although CD19− TCR- β+ tet− cells (mostly 

MHC-restricted T cells) and CD19−TCR-β−tet− cells (mostly NK cells) and represent a 

larger fraction of total lymphocytes, only 2.5±0.6% and 4.5±0.9% of these populations, 

respectively, were IFN-γ+ at day 3 post-infection (Fig. 1e, Sup. Table 1). Thus, following 

A.f. infection, a large proportion of iNKT cells become rapidly activated, are largely Th1-

polarized and accumulate in airways of infected mice.

A.f. activates iNKT cells in vitro in the presence of CD1d-expressing DCs

In order to dissect the mechanisms leading to iNKT cell activation in response to fungal 

infection, we established an in vitro co-culture system using iNKT cell lines and primary 

bone marrow-derived DCs (DC) as APCs (Chiba et al., 2009), and tested the ability of A.f. 
to activate iNKT cells in vitro in this system. iNKT cells were co-cultured overnight with 

DCs in the presence of increasing concentrations of heat-killed A.f. hyphae. Co-culture 

supernatants were then analyzed by ELISA for the presence of secreted cytokines. 

Consistent with our in vivo observations, we found that iNKT cells were able to secrete 

abundant quantities of IFN-γ in response to A.f. in the presence of APCs (Fig. 2a). The 

ability to react to A.f. was not restricted to a single iNKT cell line as several independently 

derived lines demonstrated comparable responses to fungal stimulation in the presence of 

WT DCs (Sup. Fig. 2). While iNKT cells were not found to secrete detectable amounts of 

IL-17, significant levels of IL-4 and IL-13 were detected in the supernatants of some assays 

in vitro, but secretion of these cytokines was more variable compared to IFN-γ, which was 

consistently robust (data not shown). Importantly, iNKT cells did not secrete cytokines in 

response to A.f. in the absence of DCs (data not shown). In addition, INF-γ secretion by 

iNKT cell in this system was strongly dependent on CD1d expression by APCs. In co-

cultures containing CD1d−/− DCs, the mean IFN-γ detected following exposure to 2μg/mL 

of fungus was decreased on average by 94.8 ±2.2% compared to WT DC co-cultures (Fig. 

2a). Thus, A.f. potently activates iNKT cells in vitro in a manner dependent on the presence 

of CD1d-expressing APCs.

A.f. retains its stimulatory activity for iNKT cells following fungal lipid extraction

In order to determine whether fungal lipids might act as CD1d-presented antigens and thus 

account for iNKT cell activation in this system, we extracted polar and apolar lipids from 

live fungal hyphae using chloroform, methanol and petroleum ether based solvent systems 

(Dobson et al., 1985). Lipid extracts, the aqueous phase and delipidated hyphae were then 

tested for their ability to stimulate murine iNKT cells in vitro in the presence of APCs. Lipid 

extracts did not trigger detectable iNKT cell activation (Fig. 2b). We further separated the 
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polar lipid extract into individual lipid species by preparative 2D thin layer chromatography 

(TLC), but none of the purified lipids stimulated significant production of IFN-γ or IL-13 by 

iNKT cells in our co-culture system (Fig. 2c, d and data not shown). In contrast, the 

delipidated cell fraction retained a similar ability as the unextracted fungus to stimulate 

cytokine secretion by iNKT cells in vitro (Fig. 2b). These data suggest that fungal lipids are 

likely not primarily responsible for fungal-driven iNKT cell activation in this model.

IL-12p70 is required for A. fumigatus-driven iNKT cell activation

Cytokines such as IL-12, which is secreted by activated APCs, can play a key role in 

triggering iNKT cell responses against bacterial or viral TLR agonists (Brigl et al., 2003; 

Brigl et al., 2011; Paget et al., 2009). To determine whether IL-12 is required for fungal-

driven iNKT cell activation in vitro, we tested the ability of IL-12p35−/− DCs to stimulate 

iNKT cells in the presence of fungus. Strikingly, IL-12p35−/− DCs were unable to support 

fungal-driven IFN-γ secretion by iNKT cells, which was impaired by more 89.8±5.6% on 

average in co-cultures containing IL-12p35−/− compared with WT DCs (Fig. 3a). As 

expected, LPS-driven iNKT cell activation was similarly impaired when IL-12p35−/− DCs 

were used. In contrast, antigen-driven iNKT cell activation was not affected by APC 

deficiency in IL-12p35, since α-GalCer was able to elicit potent cytokine secretion 

regardless whether or not the DCs used could produce IL-12 (Fig. 3a, b). Like IL-12p35−/− 

DCs, we found that DCs deficient in the p40 subunit of IL-12 were also unable to stimulate 

IFN-γ secretion by iNKT cells in the presence of either LPS or A.f., while their ability to 

support lipid antigen-driven iNKT cell responses was unaffected (data not shown). In order 

to determine if the anti-fungal iNKT cell response in vivo also required IL-12, we assessed 

iNKT cell accumulation and activation in the airways of WT or IL-12p35−/− mice following 

fungal infection. While accumulation of iNKT cells in the BAL was not affected by 

IL-12p35-deficiency (Fig. 3c), consistent with our in vitro observations, iNKT cells in the 

airways of IL-12p35−/− animals failed to secrete IFN-γ. 3 days post-infection, the %IFN-γ+ 

iNKT cells in the lungs and BAL was on average reduced by 84.1±5.9% (p=0.0022) and 

87.2±4.9% (p=0.0043), respectively. In addition, up-regulation of CD69 was blunted in both 

lung and BAL iNKT cells (Fig. 3d and data not shown). Thus, the anti-fungal iNKT cell 

response is profoundly impaired in the absence of IL-12, both in vitro and in vivo.

Fungal β1,3-glucans drive iNKT cell activation

The ability of delipidated fungus to activate iNKT cells together with the requirement for 

IL-12 suggests that innate, APC-mediated recognition of non-lipidic fungal components 

drives iNKT cell activation in response to A.f. The fungal cell wall is comprised of a 

complex network of polysaccharides, a number of which can be recognized by mammalian 

pattern recognition receptors (PRR) (Bernard and Latge, 2001; Latge, 2010). Many of these 

compounds can be distinguished on the basis of their solubility in, or sensitivity to, heated 

base or acid treatment. To determine the identity of the fungal polysaccharides responsible 

for iNKT cell activation, we subjected the delipidated A.f. to sequential base and acid 

treatments and tested the activity of the acid or base-soluble and insoluble fractions (Fig. 

4a). The active compound in the A.f. cell wall was resistant to boiling in 1:40 (w:v) 1M 

NaOH at 95°C for 30 minutes followed by refluxing in 1:100 (w:v) 2% acetic acid at 95°C 

for 6 hours, as the CD1d-dependent activity of the original A.f. hyphal preparation was 
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entirely retained in the acid/base treated insoluble pellet, while the reflux supernatants were 

not active (Fig. 4b, c). These data rule out acid-soluble fungal components such as chitosan, 

base-soluble elements like α-glucans and galactomannans, as well as proteins and nucleic 

acids (which should be destroyed by the procedure) as iNKT cell stimulatory compounds in 

our system (Hu et al., 1999; Sugawara et al., 2004; Wu et al., 2004). However, β1,3-glucans, 

glucose polymers integral to the cell wall of most fungi and particularly abundant in A.f. 
hyphae, are insoluble in 1M NaOH and 2% acetic acid (Bernard and Latge, 2001). We thus 

reasoned that β1,3-glucans should comprise an important part of the active pellet obtained 

following acid/base refluxing of delipidated A.f. hyphae. Consistent with this prediction, 

combined gas chromatography and mass spectrometry analysis of sugar composition 

revealed that 49.7% of the sugars detected in the iNKT cell stimulating refluxed material 

were glucose residues, and that most of these residues were in a 1,3-linked configuration. 

The remaining material was mostly made up of N-acetyl-glucosamine residues, the building 

blocks of chitin, with trace amounts of galactose and mannose (Sup. Table 2 and data not 

shown). Furthermore, we found that scleroglucan, curdlan and zymosan, which are β-

glucan-enriched preparations from Sclerotium rolfsii, Agrobacteria biobar and 

Saccharomyces cervisiae, respectively, were all able to drive IFN-γ secretion by iNKT cells 

in vitro in a dose-dependent manner in the presence of WT but not CD1d−/− or IL-12p35−/− 

APCs (Fig. 5a, c) while other fungal polysaccharides such as galactomannan and chitin were 

inactive (Fig. 5b). Thus, β-glucans can drive iNKT cell activation. To further confirm that 

β1,3-glucans were responsible for driving the iNKT cell response to A.f., we digested the 

A.f. reflux pellet with zymolyase, an enzyme specific for β1,3-glucans, and tested the 

activity of the digests in our co-culture assay. While control zymolyase digestion of LPS did 

not affect its ability to activate iNKT cells in the presence of DCs, the activity of the 

zymolyase-digested A.f. reflux pellet was on average reduced by 83.1±7.6% compared to 

the mock digested material (Fig. 4d). Together, these data indicate that β1,3-glucans in the 

cell wall of A.f. are necessary for eliciting iNKT cell responses.

Dectin-1 and TLR-mediated recognition of A.f. by APCs stimulates iNKT cells

The C-type lectin Dectin-1 is a PRR known to specifically detect fungal β1,3-glucans 

(Goodridge et al., 2009), and is critical for survival of A.f. infection both in mice and 

immunocompromised humans (Cunha et al., 2010; Saijo et al., 2007; Taylor et al., 2007; 

Werner et al., 2009). To determine if Dectin-1-mediated innate recognition of A.f. by DCs 

promotes iNKT cell activation, we assessed the ability of Dectin-1−/− DCs or DCs treated 

with Dectin-1-blocking mAb to drive iNKT cell cytokine secretion in the presence of A.f. 
Strikingly, in the absence of Dectin-1 expression by APCs, the iNKT cell response to A.f. 
was reduced by 79.7±6.6% on average. In contrast, LPS, CpG and antigen-driven 

stimulation were unaffected (Fig. 6a, b). Similar results were obtained by incubating DCs 

with Dectin-1 blocking mAb prior to co-culturing with iNKT cells (Fig. 6c). Dectin-1 

mediated recognition of fungal β-glucan often requires collaborative TLR signaling 

(Dennehy et al., 2008; Luther et al., 2007; Reid et al., 2009). Indeed, we found that iNKT 

cell responses were also dependent on MyD88, as IFN-γ secretion in response to A.f. was 

inhibited by 75.8±6.0% in co-cultures containing MyD88−/− DCs (Fig. 6d). Thus, A.f.-
driven activation of iNKT cells requires β-glucan recognition by APCs via Dectin-1 

combined with MyD88 co-signaling likely mediated by TLRs.
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iNKT cells amplify IL-12p70 secretion by APCs activated by A.f. via PRRs

Our data highlight a critical role for IL-12 in fungal-driven iNKT cell activation. However, 

since several reports suggest that Dectin-1 is not a potent inducer of IL-12, even in the 

context of TLR co-signaling, we sought to clarify the mechanism underlying IL-12 

production by DCs in response to A.f. (Dennehy et al., 2009; Huang et al., 2009). We first 

incubated DCs with A.f. and measured IL-12 secretion in the supernatant by ELISA. We 

found that A.f.-stimulated DCs secrete low levels of IL-12p70 in a dose dependent manner 

(Fig. 6e). Strikingly, the amount of IL-12p70 secreted by DCs in the presence of A.f. was 

dramatically increased when iNKT cells were added to the co-culture. 5μg/mL of A.f. 
stimulated an average of 24.9±3.3pg/mL by DCs alone, versus 185.9±7.7pg/mL in the 

presence of iNKT cells, suggesting that iNKT cells promote IL-12p70 secretion by activated 

APCs (Fig. 6f). Furthermore, the enhancement of IL-12 secretion was blunted if Dectin-1−/−, 

MyD88−/− or CD1d−/− DCs were used instead of WT DCs (Fig. 6g), suggesting that iNKT 

cell-mediated amplification of IL-12 secretion requires DCs to be stimulated via PRRs, and 

is also dependent on CD1d-mediated DC-iNKT cell interactions. Together, these data 

suggest that PRR-mediated recognition of A.f. potentiates APC secretion of IL-12, which is 

then amplified following CD1d-dependent interactions with iNKT cells.

Candida albicans, Histoplasma capsulatum and Alternaria alternata activate iNKT cells 
following innate Dectin-1-mediated recognition and IL-12 secretion by activated CD1d-
expressing APCs

Because β-glucans are integral to the cell wall of most fungi, we next sought out to 

determine whether IL-12 secretion resulting from innate recognition of fungal β-glucans 

from pathogens other than A.f. also triggered iNKT cell activation. While C.n., a fungal 

pathogen whose glucan-containing cell wall is shielded by a thick glucuronoxylomannan 

capsule, failed to activate iNKT cells in vitro, we found that like A.f., the pathogenic yeast 

C. albicans (C.a.), the dimorphic fungus H. capsulatum (H.c.), and the opportunistic mold 

Alternaria alternata (A.a.) all elicited dose-dependent IFN-γ secretion by iNKT cells in the 

presence of CD1d-expressing but not CD1d-deficient APCs. Furthermore, the iNKT cell 

response to C.a., H.c. and A.a. was reduced by 83.4±8%, 73.3±10% and 84.6±7.8% when 

IL-12p35−/− DCs were used and by 64.0±8%, 46.7±6.5% and 60.3±11% when WT DCs 

were substituted for Dectin-1−/− cells, respectively (Fig. 7b, c). Thus, innate Dectin-1-

mediated recognition of fungal β-glucans and subsequent secretion of IL-12p70 drives iNKT 

cell responses against several fungal pathogens and likely represents a broadly applicable 

pathway for driving iNKT cell responses against fungi (Fig. 7d).

DISCUSSION

While a number of innate and adaptive processes at the basis of anti-microbial immunity 

have been delineated, the mechanism of action of innate-like lymphocytes such as γδT cell, 

Mucosal-associated invariant T cells and iNKT cells, all evolutionarily conserved lineages 

with broad anti-microbial functions, is poorly understood. One of the most puzzling features 

these cells share is the highly limited diversity of their TCR repertoires. How do semi-clonal 

lymphocyte populations detect vastly diverse microorganisms?
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While iNKT cells have long been known to recognize various mammalian self-lipids, 

whether they could also detect microbial lipids was unknown until fairly recently, when a 

small number of bacteria and parasites were found to synthesize lipids that could be 

presented by CD1d and elicit iNKT cell responses (Kinjo et al., 2006; Kinjo, 2005; Mattner 

et al., 2005; Sriram et al., 2005). This suggested that at least some microbes possess antigens 

for iNKT cells. In addition, because several of these microbial lipids shared an unusual α-

anomeric glycan linkage with α-GalCer, it has been postulated that α-linked glycolipids 

may represent a microbial motif recognized specifically by the iNKT cell TCR (Tupin et al., 

2007). However, many microbes may not produce such antigens, and to date they have only 

been detected in three bacterial species. The possibility that even microbes lacking α-linked 

glycolipids may stimulate iNKT cell responses is underscored by the examples of viruses 

and purified or synthetic TLR agonists that potently activate iNKT cells in the absence of 

exogenous microbial lipids (Brigl and Brenner, 2010; Salio et al., 2007).

Here, we sought to characterize the response of iNKT cells to fungi, an important group of 

pathogens whose detection by iNKT cells has never been described. While there is evidence 

that iNKT cells may play an important role in anti-fungal immunity (Kawakami et al., 

2001a; Kawakami et al., 2001b; Kawakami et al., 2001c), whether or not fungi produce lipid 

antigens capable of driving iNKT cell responses is unknown. We found that murine iNKT 

cells mount a potent Th1-polarized response against pulmonary infection with the 

filamentous fungus A.f. In addition, fungal-driven iNKT cell responses in vitro require 

recognition of CD1d on APCs, suggesting that TCR-mediated signals are needed. 

Surprisingly, fractionation experiments indicated that fungal cell wall carbohydrates, not 

lipids, however, were responsible for driving anti-fungal iNKT cell responses. While 

suggestive, initial lipid extractions could not entirely rule out the possibility that fungal lipid 

antigens were driving iNKT cell responses, as some compounds may have resisted chemical 

extraction. Despite this possibility, several additional lines of evidence support our 

hypothesis. First, we found that the inflammatory cytokine IL-12 is absolutely required for 

iNKT cell cytokine secretion in response to A.f., both in vitro and in vivo. Thus, even if 

fungal lipids are presented to iNKT cells, alone, they are not sufficient to drive iNKT cell 

activation. Second, we found that the active compound in the A.f. cell wall was not only 

resistant to organic solvent extraction, but also to boiling in NaOH and acetic acid, 

treatments likely to destroy any remaining lipid. In fact, the insoluble fungal material 

remaining after acid/base refluxing is comprised of highly resistant polysaccharides 

comprising the structural scaffold of fungal cell walls: β1,4-N-acetylglucosamine (chitin) 

and β1,3-glucans (Latge, 2007; Latge et al., 2005). Large chitin polymers are thought to be 

immunologically inert, and while smaller chitin fragments derived from crab shells have 

been found to stimulate the immune system (Da Silva et al., 2008), recent studies suggest 

that fungal chitin purified from C.a. does not elicit cytokine responses from mammalian 

cells, and can even block innate recognition of more stimulatory fungal components (Chai et 

al., 2011; Mora-Montes et al., 2011). In contrast, fungal β1,3-glucans are well known as 

potent immune-stimulants. β1,3-glucans are recognized by several mammalian PRRs, and 

drive leukocytes to exert various antimicrobial functions (Goodridge et al., 2009). Consistent 

with these observations, we found that enzymatic digestion of β1,3-glucans in the 

delipidated, acid/base refluxed A.f. material strongly impaired iNKT cell activation. 
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Furthermore, like A.f. cell walls, enriched β1,3-glucans from other microbial sources also 

potently activated iNKT cells in the presence of CD1d-expressing APCs, but chitin or 

galactomannan did not. Finally, we found that expression of Dectin-1, a known β1,3-glucan 

receptor, was required for A.f. driven iNKT cell activation. While we can not fully rule out 

that A.f. chitin is not also playing a role in driving the iNKT cell response, together, our data 

strongly suggest that β1,3-glucans, not lipids, are the major fungal component responsible 

for activating iNKT cells in response to A. fumigatus.

Thus, we define a widely applicable model for fungal-driven iNKT cell activation whereby 

innate recognition of fungal β1,3-glucans potentiates IL-12 production by APCs, which, in 

concert with weak TCR signals provided by self-lipid:CD1d complexes, drives iNKT cell 

activation (Fig 7d). Our data indicate that both Dectin-1 and MyD88-mediated signals 

contribute to fungal recognition. This finding is consistent with several reports suggesting 

that detection of fungal β1,3-glucans by Dectin-1 requires collaborative TLR-signaling 

(Balloy and Chignard, 2009; Dennehy et al., 2008; Luther et al., 2007; Reid et al., 2009). 

Our data further suggest that activated iNKT cells enhance IL-12 secretion by APCs, 

initiating a positive feedback loop (Kitamura et al., 1999; Vincent et al., 2002). Most 

importantly, we show that like A.f., the yeast C.a., the dimorphic fungal pathogen H.c. and 

the opportunistic filamentous fungus A.a., all activate iNKT cells in a manner dependent on 

innate fungal β1,3-glucan recognition and the resulting IL-12. While C.n. did not activate 

iNKT cells in vitro, likely due to the capsule shielding of its cell wall glucans, it is likely that 

innate responses absent from our in vitro system (eg. complement activation) drive in vivo 
IL-12 responses resulting in similarly innate-driven iNKT cell responses (Kozel, 1993) 

(Decken et al., 1998) (Kawakami et al., 2001a). Thus, the model suggested here may 

represent a general mechanism for activation of iNKT cell responses against diverse fungi.

Our findings extend reports indicating that TLR-stimulated APCs can drive iNKT cell 

responses in the absence of foreign lipid antigens (Brigl and Brenner, 2010). In the context 

of A.f. responses, we find that Dectin-1 and MyD88 collaboratively drive cellular responses 

to fungal β-glucans. Both TLRs and Dectin-1 are known to play an important role in early 

innate responses to A.f. spores in the lung (Bretz et al., 2008; Werner et al., 2009) and may 

play redundant role in activating airway iNKT cell responses, as we have found that the 

absence of Dectin-1 alone does not significantly impair iNKT cell cytokine secretion 

following infection (data not shown). Nevertheless, our model of innate-driven activation is 

strongly supported by the heavy dependence of iNKT cell activation on IL-12 in vitro and in 
vivo. In addition, TCR-mediated CD1d-recognition was required despite the absence of 

exogenous lipids, suggesting self-lipids may be recognized. Whether anti-fungal 

inflammatory responses alter the nature or antigenic potential of self-lipids available for 

iNKT cell recognition, as has been documented in other contexts (Darmoise et al., 2010; 

Paget et al., 2007; Salio et al., 2007), remains to be determined.

Finally, our data suggest that CD1d-restricted T cells are important for early fungal 

elimination. These observations are in line with a large body of literature implicating CD1d-

restricted T cells as powerful modulators of pulmonary immune responses (De Santo et al., 

2008; Ho et al., 2008; Johnson et al., 2002; Joyee et al., 2008; Kinjo et al., 2002; 

Nieuwenhuis, 2002; Sada-Ovalle et al., 2010). Activated iNKT cells can enhance innate 
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airway responses and promote recruitment and activation of neutrophils, as well as 

phagocytosis and killing of intracellular microbes by alveolar macrophages (Kim et al., 

2008; Nieuwenhuis, 2002; Sada-Ovalle et al., 2008), processes essential for fungal clearance 

(Brakhage et al., 2010; Schaffner et al., 1982). Our data indicate that recruitment of 

inflammatory infiltrates is enhanced in mice lacking CD1d. Thus, while mobilization of 

innate effector cells is not impaired, the efficacy of early responses may be diminished in 

CD1d−/− mice, resulting in a higher fungal load and the enhanced inflammatory response 

observed.

In conclusion, our findings indicate that CD1d-restricted T cells are important for anti-

fungal immunity and that the potent iNKT cell response mounted against A.f. does not 

require recognition of microbial lipid antigens. Instead, anti-fungal iNKT cell cytokine 

secretion is strongly dependent on IL-12 derived from innate recognition of fungal β1,3-

glucans. Importantly, we show that this pathway could represent a general mechanism for 

driving anti-fungal iNKT cell responses.

EXPERIMENTAL PROCEDURES

Mice

Wild type C57BL/6 (B6) and IL-12p35−/− mice were obtained from Jackson laboratories. 

CD1d−/− and Dectin-1−/− mice were kindly provided by Mark Exley (Exley et al., 2003) and 

Yoichiro Iwakura (Saijo et al., 2007), respectively. Mice were maintained under SPF 

conditions in the DFCI animal facility. This study was approved by the DFCI’s office for the 

protection of research subjects.

Fungus preparation

A.f. conidia were grown on SDA at 37°C for 7 days, then dislodged, re-suspended in 

0.025%Tween/PBS, filtered twice through 70μm strainers and counted. SD broth was 

inoculated with 107 conidia/mL and incubated on a shaker at 37°C overnight to generate 

hyphae, which were collected by filtration and washed in sterile LPS-free PBS. For in vitro 
assays, hyphae were autoclaved at 121°C for 15 minutes then homogenized by sonication in 

media. Hyphae did not contain detectable endotoxin levels, as assessed by limulus assay. See 

supplemental material for A.a., C.a., C.n. and H.c. preparation.

Intra-tracheal infection, histology, fungal burden assessment and flow cytometry

8–12 week old mice anaesthetized using isofluorane were injected i.t. with 1–4×107 conidia 

in 50μl of 0.025%Tween/PBS. BAL was collected from euthanized mice in 5%FBS/PBS. 

For histology, lungs were perfused with 4% PFA, fixed at 25°C, embedded in paraffin, 

sectioned, and stained using H&E. Morphometric analysis was conducted using ImageScope 

(Aperio). For fungal burden assessment and flow cytometry, lungs were perfused with PBS, 

minced, and digested in 3mg/mL Type IV collagenase and 10μg/mL DNAse I in 

5%FBS/PBS for 1hr at 37°C. Digests were filtered through 70μm strainers and washed. 

Diluted lung digests were plated on SDA plates and incubated at 37°C until fungal CFU 

could be counted. For flow cytometry, cells were stained with antibodies following an FcR 

blocking step. Cytokine secretion assays (Miltenyi) were performed according to the 
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manufacturer’s instructions. Data were collected on an LSRII cytometer and analyzed using 

FlowJo Software (Treestar).

Chemical extractions, 2DTLC and enzymatic digestions

To extract polar and apolar lipids, lyophilized hyphae were treated with methanolic saline 

and petroleum ether. The upper phase (apolar lipids) was removed and the remaining 

biomass and lower phase were treated with chloroform, methanol and saline, then biphased 

with a chloroform and saline solution to yield polar lipid extract and an aqueous phase 

(Dobson et al., 1985). For in vitro testing, dry lipidic and non-lipidic fractions were 

resuspended in culture medium by sonication. Polar lipids were separated by 2D-TLC on 

plastic-backed plates of silica gel 60 F254 using CHCl3, CH3OH, H2O (60 30:6, v/v/v) in 

the first direction and CHCl3/CH3COOH/CH3OH/H2O (40: 25:3:6, v/v/v/v) in the second 

direction (Tatituri et al., 2007). TLC plates were sprayed with 0.01% 1,6-diphenyl-1,3,5-

hexatriene dissolved in petroleum ether/acetone (9:1, v/v), and lipids were identified under 

UV light. Lipid species were scraped off the plates and extracted from the silica gel using 

CHCl3/CH3OH (2:1, v/v). For carbohydrate fractionation, delipidated hyphae were refluxed 

in 1:40 (w/v) 1M NaOH at 95°C for 30 minutes. The alkali soluble material in the 

supernatant was collected by centrifugation. The alkali-insoluble material was refluxed in 

1:100 (w/v) 2% acetic acid at 95°C for 6 hours and centrifuged to separate insoluble pellet 

and the acid-soluble supernatant. Enzymatic digestions were performed by incubating 

substrates (1mg/mL) with zymolyase (100μg/mL) in LPS-free PBS at overnight at 37°C. 

Enzymes were then inactivated by incubation at 65°C for 30 minutes.

In vitro co-culture assays

For co-culture experiments, 105 iNKT cells were cultured overnight with 104 CD11c+ DCs 

and stimuli in round-bottom 96-well plates at 37°C. Cytokines in the supernatants were 

quantified by ELISA. See supplemental material for the derivation of DCs and iNKT cells.

Statistical analysis

Statistical analyses were performed using a two-sided Wilcoxon Rank Sums Test (SAS); *, 

p<0.05; **, p<0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• CD 1d-restricted T cells participate in immunity against A. fumigatus

• Anti-fungal iNKT cell responses do not require fungal lipid recognition

• Innate recognition of β-1,3 glucans by APCs drives anti-fungal iNKT 

cell activation

• Fungal-driven iNKT cell activation requires CD1d and IL-12
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Fig. 1. CD1d-restricted T cells participate in the immune response against A.f
WT or CD1d−/− B6 mice were infected i.t. with 1×107 (a) or 4×107 (b–e) live A.f. conidia 

and euthanized at the indicated timepoints. (a) Fungal CFU in lung homogenates. Bars, 

mean ± SEM; n=4–5 mice/group, data representative of 3 independent experiments. (b) 

Absolute number of iNKT cells (CD45+, CD19-, TCR-β+, α-GalCer-loaded CD1d tetramer

+) in the BAL. Data pooled from 3 independent experiments. (c) Lung iNKT cell percentage 

(top row), CD69 MFI (second row) and cytokine secretion (bottom rows) following 

infection. Shaded histogram, isotype control; grey line, naïve mouse; black line, infected 

mouse. (d) Average %IFN-γ+ iNKT and CD69 MFI following infection. N/A, not 
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applicable (to few cells). Bars, mean ± SEM, n=3 mice. Data representative of ≥ 4 

independent experiments. (e) Average %IFN-γ+ iNKT cells, tet− T cells, and NK cells, 

(TCR-β−tet−) following infection. Data pooled from 4 independent experiments, Bars, mean 

± SEM, n=9–12 mice.
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Fig. 2. Non-lipidic components of the A.f. cell wall drive iNKT cell activation in vitro
105 iNKT cells and 104 CD11c+ DCs were co-cultured for 16–20hrs with the indicated 

stimuli. IFN-γ in the supernatants was measured by ELISA. (a) IFN-γ secreted in response 

to heat-killed A.f. hyphae, α-GalCer (100ng/mL) or medium in co-cultures of iNKT cells 

and WT or CD1d−/− DCs. (b) IFN-γ secreted in response to lipidic and non-lipidic fungal 

fractions extracted from hyphae in co-cultures of iNKT cells and WT DCs. (c) Preparative 

2D-TLC purification of A.f. polar lipids. (d) IFN-γ secreted in response to α-GalCer (10ng/

mL), A.f. (20μg/mL) or 2D TLC-purified polar lipid species (20μg/mL) in co-cultures 

containing iNKT cells and WT DCs. (a–d) Error bars, ± SEM, data representative of ≥ 3 

independent experiments.
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Fig. 3. A.f.-driven iNKT cell activation is IL-12p70-dependent in vitro and in vivo
(a) IFN-γ in the supernatant of co-cultures containing iNKT cells and WT or IL-12p35−/− 

DCs in the presence of the indicated stimuli, error bars, ± SEM. (b) Average IFN-γ in 

supernatants of co-cultures containing α-GalCer (100ng/mL), LPS (20ng/mL) or A.f. (5μg/

mL), iNKT cells and IL-12p35−/− DCs as a percentage of the IFN-γ in co-cultures 

containing WT DCs, data pooled from 3 independent experiments, error bars, ± SEM. (c) 

Absolute number and (d) average %IFN-γ-secreting iNKT cells in the airways of WT or 

IL-12p35−/− mice post-infection. Bars, mean ± SEM, n=5–6 mice, data pooled from 2 

independent experiments.
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Fig. 4. Cell wall β1,3-glucans are responsible for A.f.-driven iNKT cell activation in vitro
(a) Fungal polysaccharide fractionation protocol. (b) Activity of reflux supernatants and 

pellet in co-culture assay containing iNKT cells and WT DCs. (c) IFN-γ secretion in co-

cultures containing iNKT cells, either wild type or CD1d−/− DC and 5μg/mL of the indicated 

fractions. (d) IFN-γ secretion in co-cultures containing LPS or the A.f. reflux pellet digested 

overnight with zymolyase. (a–d) Error bars, ± SEM, data representative of 2–4 independent 

experiments.

Cohen et al. Page 21

Cell Host Microbe. Author manuscript; available in PMC 2016 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Microbial β-glucans activate iNKT cells in the presence of CD1d- and IL-12-sufficient 
APCs
(a–c) IFN-γ secretion in iNKT cells co-cultures containing the indicated polysaccharides in 

increasing concentrations (a, b) or at 2–5μg/mL (c), error bars, ± SEM, data representative 

of 2–4 independent experiments.
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Fig. 6. A.f.-driven iNKT cell activation depends on APC-mediated fungal recognition via the C-
type lectin Dectin-1 and MyD88 signaling
(a) IFN-γ detected in the supernatants of co-cultures containing iNKT cells, WT or 

Dectin-1−/− DCs and the indicated stimuli. (b) Average IFN-γ in iNKT cell co-cultures 

containing α-GalCer (10ng/mL), CpG (1μg/mL), LPS (4ng/mL) or A.f. (5μg/mL) and 

Dectin-1−/− DCs or (d) MyD88−/− DCs as a percentage of the IFN-γ measured in co-

cultures containing WT DCs, data pooled from 3 independent experiments. (c) Co-culture 

performed in the presence of 2.5μg/mL of anti-Dectin-1 blocking mAb, an isotype control, 

or no antibody, and heat-killed A.f. hyphae (left), α-GalCer (10ng/mL), CpG (1μg/mL) or 

medium (right). Data representative of 2 independent experiments. (e) IL12p70 detected in 

the supernatants of WT DCs co-cultured with the indicated amounts of heat-killed A.f. in the 

absence or (f) presence of iNKT cells. (g) IL12p70 detected in the supernatants of co-

cultures containing DCs, iNKT cells and either medium or A.f. (5μg/mL). Data 

representative of 2–3 independent experiments. (a–g) Error bars, ± SEM.
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Fig. 7. Dectin-1-mediated recognition of pathogenic fungi and IL-12 secretion by activated APCs 
drives iNKT cell activation
(a) IFN-γ detected in the supernatants of co-cultures containing iNKT cells, WT or CD1d−/

− DCs and heat-killed fungi. (b) Average IFN-γ in iNKT cell co-cultures containing α-

GalCer (1ng/mL), LPS (20ng/mL), A.f. (5μg/mL), C.a. (5μg/mL), H.c. (8–40×103 cells/

well), A.a. (1.6×103 cells/well) and IL-12p35−/− or (c) Dectin-1−/− DCs as a percentage of 

the IFN-γ in co-cultures containing WT DCs, data pooled from 3–4 independent 

experiments. (a–c) Error bars, ± SEM. (d) Model mechanism for fungal-driven iNKT cell 

activation.
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