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Abstract

Phagocytosis is an essential step in the innate immune response to invasive fungal infections. This
process is carried out by a proverbial “village” of professional phagocytic cells, which have
evolved efficient machinery to recognize and ingest pathogens, namely macrophages, neutrophils
and dendritic cells. These innate immune cells drive early cytokine production, fungicidal activity,
antigen presentation and activation of the adaptive immune system. Despite the development of
antifungal agents with potent activity, the biological activity of professional phagocytic innate
immune cells has proven indispensable in protecting a host from invasive fungal infections.
Additionally, an emerging body of evidence suggests non-professional phagocytes, such as airway
epithelial cells, carry out phagocytosis and may play a critical role in the elimination of fungal
pathogens. Here, we review recent advances of phagocytosis by both professional and non-
professional phagocytes in response to fungal pathogens, with a focus on invasive aspergillosis as
a model disease.

Introduction

Fungal diseases cause a tremendous burden of morbidity and mortality. Invasive fungal
infections (IFI) account for more than one million deaths annually, and more than 50% of
deaths in patients with HIVV/AIDS.1-3 The burden of fungal infections remains significant in
the setting of HIVV/AIDS, and continues to rise with the use of immunosuppression in cancer
chemotherapy, treatment of rheumatologic diseases, solid organ and hematologic transplants.
Fungal infections have been increasingly recognized as a complicating factor following
other insults such as trauma or influenza virus infection.#-6 Despite the availability of
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diagnostic tools and antifungal medications, the mortality of IFI often remains in excess of
50%.3 In addition to antifungal therapy, there is clear evidence that an appropriately
functioning immune system is a prerequisite for a favorable clinical outcome.’:8
Furthermore, fungal infections are being recognized as significant contributors to a growing
burden of morbidity through non-invasive processes such as keratitis and allergic diseases
such as asthma and allergic bronchopulmonary aspergillosis.32

Professional phagocytic cells (macrophages, neutrophils and dendritic cells), as well as less
traditional phagocytic cells, such as airway epithelium, play a vital role in protecting the host
from daily fungal exposure through the direct act of engulfment or phagocytosis. The
interactions of phagocytic cells with fungal pathogens has been previously reviewed
elsewhere for both typical phagocytes'®-12 and airway epithelial cells.13-15 Here, we will
provide an updated review on advances in phagocyte-fungal interactions with a focus on the
most common pathogens, Candida and Aspergillus. We will also review our expanding
understanding of the role of airway epithelium as a potential phagocyte in the host-pathogen
interactions with invasive pulmonary fungal pathogens.

Macrophages

Macrophages play a critical role in the early response to fungal infections, helping both
contain pathogenic organisms and recruit additional immune cells for further response.
These phagocytic cells are present in many tissues of the body. Macrophages utilize pattern
recognition receptors to identify the presence of conserved pathogen-associated molecular
patterns (PAMPs) exposed on microbial surfaces. Fungal cell wall carbohydrates are the
dominant PAMPSs recognized by macrophage-associated pattern recognition receptors
(PRRs).16:17 This observation has been borne out in several animal models including
zebrafish, where macrophages were crucial to the early response to A. fumigatus, with
neutrophil recruitment occurring later.18.19

While phagocytosis by macrophages is a critical step in the response to some fungal
pathogens, this process is not a uniform feature of macrophage responses to all fungal
pathogens. Despite participating in Dectin-1 mediated cytokine production, RAW 264.7
macrophages and C57BL/6 primary bone marrow derived macrophages are unable to
phagocytose Exserohilum spores or hyphae owing to their large size.20 In this study,
Dectin-1 KO mice and wild-type mice injected with Exserohilum spores had similar
neutrophilic tissue infiltration and granuloma formation with multinucleated giant cells; no
difference in hyphal growth was observed. Macrophages interacting with Exserohilum
demonstrated robust recruitment of Dectin-1 to the site of interaction with fungal hyphae,
and were associated with high levels of TNF-a production consistent with frustrated
phagocytosis. The molecular mechanisms contributing to enhanced signaling and
consequently, increased cytokine production is, in part, due to -1,3-glucan clustering of
Dectin-1 and the exclusion of the phosphatases, CD45 and CD148, that allows for
downstream macrophage signaling.2! Similar to the failure of ingesting a large fungal
pathogen, the inability to phagocytose p-1,3-glucan particles by chemical inhibition results
in increased levels of TNF-a production.22:23
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These data support a model where phagocytosis can act as a modulator of immune
activation, variably promoting or terminating inflammatory signaling depending on the host-
pathogen interactions and conditions.23

Multiple pathways contribute to activation and phagocytosis of macrophages in response to
fungal pathogens. Signaling through Dectin-1 via spleen tyrosine kinase (syk) promotes
macrophage TNF-a production. Maximal production of TNF-a. by macrophages in response
to A. fumigatus, however, requires phagocytosis dependent signaling through the TLR9-
BTK-calcineurin-NFAT pathway.1® Human macrophages also activate the calcineurin-NFAT
signaling pathway in response to A. fumigatus stimulation.2* Emerging evidence also
suggests that components of the ubiquitin-ligase pathway contribute to modulation of the
Dectin-1/2 signaling pathway in macrophages. The RING-finger-type E3 ubiquitin ligase
Casitas B lymphoma-b (CBLB) provides negative regulation of Dectin-1/2 signaling. CBLB
=/~ mice were relatively protected in a model of disseminated candidiasis.2> CBLB was
found to regulate Dectin-1 expression and ROS production without impacting phagocytosis,
suggesting additional fungal phagocytic receptors are regulated independent of CBLB.

Interestingly, when macrophages fail to eliminate phagocytosed fungal pathogens, the fungi
can undergo transfer to adjacent host cells. Macrophages that phagocytosed A. fumigatus
conidia but were unable to eliminate the cargo can undergo necroptosis and laterally transfer
conidia to another macrophage; this conidial lateral transfer is calcineurin-dependent and
likely mediated by actin polymerization by vasodilator-stimulated phosphoprotein (VASP).24
Taken together, these findings suggest that independent pathways exist for coordinating the
macrophage response to fungal pathogens depending on the capacity to phagocytose fungi.

In order to achieve efficient phagocytosis and processing of fungal pathogens, macrophages
mature their phagosomes through the recruitment of organelles including lysosomes and
additional host protein machinery essential for the elimination of captured fungal cargo. The
nature of the cargo appears to influence recruitment of specific host phagosome proteins
(MKM and JMV, unpublished observations). This ability to tailor the phagosomal host
repertoire relies, in part, on the PRR engaged at the initial encounter of the fungal cargo.
Dectin-1-syk-dependent signaling is responsible for phagosomal maturation, and blockage
of this axis results in phagolysosmal maturation arrest.26 More recently, macrophages have
been shown to utilize proteins related to the autophagy pathway.2’ Dectin-1 activation is
linked to LC3 recruitment to fungal phagosomes via syk activation.?8 Recruitment of LC3
by NADPH-ROS generation in primary bone marrow macrophages promotes killing of C.
albicans.? LC3 is also recruited to fungal phagosomes in human monocytes containing live,
but not killed, A. fumigatus conidia indicating that macrophages are capable of sensing and
continually modifying specific responses well after cargo has been introduced into a
phagosome.30

Fungal pathogens have evolved mechanisms to escape macrophage phagocytosis.
Remadeling of the C. albicans fungal cell wall following phagocytosis exposes chitin, which
induces host-arginase-1 production leading to decreased nitric oxide production through
iINOS.3L C. albicans was found to actively alkalinize acidic nutrient-poor environments
through an Stp2p transcription factor mediated pathway which in turn promotes hyphal
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morphogenesis.32 Additionally, the Candida Ahrlp transcription factor is involved in
controlling alkalization of macrophage phagosomes, which, in turn, is important for driving
macrophage IL-1p expression and pyroptosis.33 Direct manipulation of epithelial cell
membrane integrity was recently identified through a secreted C. albicans protein,
candidalysin.3# Emerging evidence indicates that candidalysin may also alter macrophage
membrane integrity.3® The impact of C. glabratais capable of efficient survival and
replication within macrophage phagosomes, in part through maintenance of a neutral pH
despite strong recruitment of \VTPases to the phagosomal membrane.38 Recent deletion
libraries demonstrate that the mutants lacking in mannosyltransferases are unable to resist
acidification suggesting pathogen-specific post-translational medications may play a role in
shaping the phagosomal milieu.37:38 Upregulation of key nutrient transporters are essential
for survival in phagocytes.39-42 These pathogen-driven maneuvers can allow phagosomal
escape and evasion of the fungicidal mechanisms employed by macrophages. The clinical
significance of these resulting latent fungal reservoirs is yet to be determined.

Neutrophils

Neutrophils are the most abundant phagocyte of the innate immune system, and serve a
primary role in the recognition and elimination of many fungal pathogens. In addition, they
possess a wide breadth of functions now recognized to play critical roles in the fungal
defense. They generally lack the ability to serve as efficient antigen presenting cells,
although observation of neutrophil subpopulations capable of expressing major
histocompatibility complex (MHC) have been made.#3-47 Additionally, it was recently
observed that activated neutrophils can present antigen to cognate memory CD4™ T cells
through MHC class 11.44 That said, the lack of sufficient neutrophil numbers or neutropenia
is a widely recognized risk factor for the acquisition of invasive fungal infections.
Furthermore, defects in neutrophil phagosome function including defects in NADPH
oxidase, such as chronic granulomatous disease, are also risk factors for fungal colonization
and disease. A variety of animal models demonstrate efficient neutrophil chemotaxis with
rapid extravasation to the site of fungal infections. 4-51 To correct deep neutropenia
multiple trials using granulocyte transfusions have been attempted. Despite these efforts, the
results have been largely disappointing without a clear signal of protection. A recent trial of
high-dose granulocyte transfusions in patients with severe neutropenia demonstrated no
improvement in microbial response with the addition of these transfusions to standard
antimicrobial therapy.52 The absence of a therapeutic indication is thought to be related to
rapid apoptosis and loss of antifungal activity when neutrophils are collected ex V70,5354
One novel approach to improve the fungicidal efficacy of neutrophils is to use them as a
drug delivery tool. HL-60 cells, a leukemic neutrophil-like cell, loaded with posaconazole,
an extended-spectrum azole, were able to limit A. fumigatus hyphal growth /in vitro, and
could reduce fungal burden in an /n vivo murine model of neutropenic invasive pulmonary
aspergillosis in comparison to untreated cells.>® This approach of cell-directed
chemotherapy has the potential to improve antifungal treatment while minimizing drug
toxicity. Neutrophil killing of A. fumigatusis mediated, in part, by GM-CSFRp signaling,
and addition of recombinant GM-CSF can promote increased fungal clearance from the
lungs of WT mice.%8 IL-15 produced by Ly6CM9" monocytes in response to type 1
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interferons and Dectin-1 signaling promotes NK-cell production of GM-CSF, in turn,
activating neutrophils phagocytic and fungicidal activity against C. albicans.>’

Neutrophils utilize various pathways to target their cytotoxic effects in response to distinct
fungal forms. Furthermore, the signaling pathways and receptors utilized by neutrophils to
promote killing can be distinct than those utilized by dendritic cells (DCs) and macrophages.
For example, human neutrophils utilize FcyRII receptors to recognize 1gG-opsonized A.
fumigatus hyphal cell wall for fungicidal activity.>8 Following recognition, neutrophil killing
activity relied critically on NADPH oxidase and myeloperoxidase (MPO) for hyphal
elimination. In contrast, the germination of conidia in human neutrophils appeared primarily
to be related to iron starvation via lactoferrin, was independent of MPO activity, and A.
fumigatus hyphal killing was reliant on a PKCa/p-dependent, Dectin-1-independent
pathway.>® In stark contrast, neutrophil killing of C. albicansis predominantly through ROS
generation, and the degranulation response is dependent on Dectin-1 and Mac-1-activation
of downstream PKC-6 signaling.%® Response pathways to both fungal species is through
CARD?9-independent signaling, which stands in contrast to the B-1,3-glucan-recognition
pathways described in DCs and macrophages. Additionally, engagement of the chemokine
receptor, CXCR1, is also important for neutrophil degranulation following C. albicans
exposure in both humans and mice.?! Contact to neutrophil chemoattractants such as fMLP,
LTB, and 1L-8 increases neutrophil fungicidal activity.59

In addition to killing fungi via phagocytosis and nutrient sequestration, neutrophils can
create neutrophil extracellular traps (NET or NETosis) as a final hyphal control mechanism,
which will be reviewed in this special issue.61:62 Interestingly, a neutrophil commitment to
engage a target by phagocytosis vs NETosis appears to be driven by a size discrimination.53
In this study, phagocytosis of smaller fungal particles recruited neutrophil elastase to the
phagolysosome.

Neutrophil interactions with larger hyphal components failed to recruit neutrophil elastase to
the phagolysosome and, instead, shows elastase localizing with the nucleus where chromatin
decondensation and histones undergo proteolytic cleavage. The contribution of NETSs to
fungal control remains controversial; some studies have suggested minimal contribution to
A. fumigatus hyphal killing while other studies suggest NETs may play a role in fungal
commensal maintenance. NET formation in the mucosal lumen has been shown to assist in
control of C. albicans invasion of zebrafish swimbladders, suggesting this process
contributes to commensal relationship between host and pathogen and may have
implications for diseases such as vulvovaginal candidiasis.®* Mice deficient in the oxidase
enzyme required for NET formation are more susceptible to mucosal candidiasis.53:65.66
Additionally, Aspergillus strains that produced large amounts of cell wall
galactosaminogalactan (GAG) had increased virulence and increased resistance to the direct
damage caused by the neutrophil contents within NETs.67 Finally, immunomodulating
agents directly impact neutrophil function. In neutrophils isolated from patients following
hematopoietic stem cell transplantation, impairment of Aspergillus growth correlated with
calcineurin-inhibitor levels and decreased NET formation.58
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Beyond their action in killing fungal pathogens, neutrophils are capable of inhibiting fungal
growth through the deprivation of essential nutrients. Neutrophil-derived calprotectin
contained in NETs was shown to contribute to the control of C. albicans abscesses in mice.59
Neutrophil-derived calprotectin, a heterodimer of S1I00A8 and S100A9, limits A. fumigatus
hyphal growth through the chelation of extracellular zinc and manganese in a corneal
infection model. Interestingly, ST00A9 ~/~ neutrophils show no difference in A. fumigatus
conidial killing and bone marrow chimeric mice with this mutation had no difference in
response to invasive pulmonary aspergillosis suggesting fungi either possess
countermeasures to these specific host nutrient deprivation mechanisms, or that the
contributions of these mechanisms are dependent on the site of infection within the host.”®

Neutrophil clearance of fungi is likely a balance between unique intracellular signaling
pathways, relative contributions of selected fungicidal killing mechanisms, all of which are
dictated by the organism, fungal morphotype encountered, and host context.

Dendritic Cells

DCs serve as a bridge between the innate and adaptive immune systems. Conventional
dendritic cells (cDCs) are highly-efficient antigen-presentation cells. DCs display a large
array of PRR including the Toll-Like receptors (TLRs) and C-type lectin receptors (CLR).
Locally activated DCs are highly capable phagocytic cells. Following phagocytosis at
peripheral sites of infection, DC then migrate to lymphoid organs and, subsequently activate
cognate T-cells directing T-cell commitment linage towards T-helper (Tw) subsets including
T, Ty2 and Ty17 cells.

A T17 cell response is critical in the response to invasive pulmonary aspergillosis.”® It was
recently shown that CD103+ murine DCs are able to regulate Ty17 differentiation in
response to A. fumigatus.”t DC are capable of increasing 1L-2 production in response to
stimulation with whole-B-1,3-glucan particles, resting conidia, swollen conidia and
Aspergillus hyphae.”:72 This process can be interrupted through inhibition of phagocytosis
with cytochalasin D implicating phagocytosis as a necessary prerequisite for cytokine
production. DC-specific IL-27/~ mice displayed an increase in Tiy17 cells and an increased
mortality compared to wild type mice suggesting that interaction and phagocytosis of fungal
targets serves as Ty17 compartment modulator. The mechanism of IL-2-dependent
modulation was found to be related to production of IL-23 with subsequent overexpansion of
the Ty17 population. Notably, the increase in production of IL-2 appears to be driven by
Dectin-1 signaling through a MyD88 independent manner.’1

Calcineurin-dependent signaling through the Nuclear Factor of Activated T-cells (NFAT), a
transcription factor family implicated in innate immunity, appears to be critical in the
dectin-1 mediated response of DCs to fungal pathogens. Calcineurin inhibitors commonly
used for immunosuppression following hematopoietic stem cell transplant (HSCT) have
been linked to an increased risk of invasive fungal disease independent of neutropenia.18.73
Similarly to Aspergillus, calcineurin signaling is critical in the murine response to Candida.
74 In addition to the whole pathogen, fungal cell wall components, including p-1,3-glucan,
binding to Dectin-1 is capable of calcineurin-dependent NFAT signaling in DC and
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macrophages.”® Likewise, CD11c-conditional knockout of the calcineurin B1 subunit (cnb1)
in murine bone marrow derived DC did not upregulate IL-2 or long-pentraxin 3 proteins in
response to whole-p-1,3-glucan particles. Cnb1 conditional knockout mice had increased
mortality to A. fumigatus infection.”® These findings suggest that suppression of DC
signaling by calcineurin inhibitors such as tacrolimus (FK506) may be a pathway-specific
risk factor resulting in the increased risk of fungal infection in following HSCT.
Interestingly, human plasmacytoid DC (pDC), utilize Dectin-2 as the primary c-type lectin
receptor triggered in response to A. fumigatus hyphae. Blocking antibodies to Dectin-1 had
minimal effect on the production interferon-a and TNF-a by human pDCs following
stimulation by A. fumigatus hyphae; whereas anti-Dectin-2 antibody suppressed production
of cytokines.”” Ligation of dectin-2 activates NFAT through Syk-CARD9.77:78 While human
pDCs also express TLR9, cytokine response to A. fumigatus hyphae appears to occur in a
TLR9-independent manner.”® These observations reinforce the concept that the primary
roles of pDCs is in regulating T-cell response towards fungal pathogens.

pDCs are capable of directly inhibiting the growth of multiple fungal organisms. When
stimulated by Aspergillus hyphae, DCs can participate in extracellular trap formation in a
manner usually associated with neutrophils.”” Murine pDCs can directly inhibit the growth
of Cryptococcus neoformansvia ROS production in a Dectin-3-dependent manner.80
Despite the Dectin-3-mediated fungicidal activity, the physiological significance of direct
fungal inhibition by pDC is unclear. pDCs are relatively rare, representing only 0.2% to
0.8% of the peripheral blood mononuclear cells in circulation.8! In addition, Dectin-3
knockout mice had no change in survival compared to wild-type C57/BI6 mice in a
pulmonary C. neoformans challenge model.89 pDCs express a number of different mannan
receptors including Dectin-2, DC-SIGN, Dectin-3 and CD206 that could contribute to fungal
recognition and elimination. Dectin-2 knockout mice demonstrate increased levels of the
Th2-related cytokines IL-4, IL-5 and IL-13 in response to C. neoformans suggesting that
Dectin-2 may be important for tuning the Tiy1/T2 response axis.82 CCR2+ monocytes and
monocyte derived-DC were shown to promote neutrophil-mediated killing of A. fumigatus
conidia; these CCR2+ monocytes and monocyte derived-DC played an important direct role
in NADPH-oxidase mediated clearance of Aspergiflusin a mouse model of invasive
pulmonary aspergillosis.83

Functional genomic studies revealed that the type 1 interferon pathway plays a critical role
in the host response to Candida infection.84 pDCs are capable of producing up to 1,000-fold
more type | interferon than other cell types and potentially serve as the primary cell source.
85.86 Single-cell RNA sequencing (ScCRNA-seq) is a next-generation sequencing approach
that allows for gene expression profiling and clustering analysis of subpopulations within a
heterogeneous cluster of cells. Using SCRNA-seq it was recently identified that the
population of cells previously reported as pDCs is likely a mixed population of
phenotypically similar but functionally distinct cells. While a population of CD11C-/
CD123+ pDCs was identified, a separate subset population of AXL
+SIGLEC6+CD123+CD11C—/lo cells (AS DCs) was also noted.8” This re-identified pDC
population produced significant amounts of interferon-a in response to TLR9 stimulation
with CpG, however the AS DCs produced minimal interferon-a in response to the same
stimulus suggesting this population, while sharing some features with pDC, serves a yet to
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be defined function. Notably, the T-cell stimulating role of pDCs appeared to be primarily
the role of AS DCs and not of the general pool of pDCs.87

Airway epithelial cells

The airway epithelium is a complex tissue consisting of multiple cell types, where the
relative populations of various cells differs with position in the airway tree. The bronchial
airways are lined with a diverse pseudostratified epithelium including ciliated, club and
secretory, goblet, other less common cell types such as brush, and airway basal cells that
serve as stem cell populations in the conducting airways. The alveolar epithelium consists of
type | and type Il pneumocytes, with type Il pneumocytes serving as the regenerative stem
cell following airway injury.88:89 Ajrway epithelial cells are immunologically active and
contribute to the initiation of Ty1, Ty17 and T2 mediated immune responses.?° The airway
epithelium of the small airway and alveoli are the first point of contact for inhaled
Aspergillus conidia. The role of airway epithelium as an immunologically active tissue in
response to A. fumigatus has been recently reviewed 13 so here we will focus particularly on
the potential role of airway epithelial cells as non-traditional phagocytes.

The ability of Aspergillus to specifically adhere to the airways contributes to invasive
infection (reviewed in °1). A. fumigatus, the major cause of invasive pulmonary
aspergillosis, has an increased ability to bind to the airway basal lamina and fibronectin.%2
Aspergillus conidia are also capable of adhering to A549 cells, a hypotriploid lung
adenocarcinoma cell line used as a model for alveolar epithelium. 93 Viruses such as
influenza can damage the airway epithelium and expose the basement membrane for binding
by pathogens.®* Interferon-y has been shown to promote Aspergillus adherence to A549
cells.®> Negatively-charged carbohydrates, fucose-specific Lectin A (FleA), and the protein
AfCalAp have been implicated in Aspergillus conidial adherence to airways. 92:96.97 The
Aspergillus fungal cell wall component, galactosaminogalactan, also contributes to fungal
adherence to A549 cells.%8:9 Sjalic acid-containing moieties promote adherence of
Aspergillus to airway epithelial cells while reducing basal lamina binding.100-102
Opsonization by secreted proteins such as, H-ficolin, a soluble lectin-like opsonin produced
by airway epithelial cells can bind to Aspergillus conidia resulting in adherence to
respiratory epithelium.193 Additional work is required to determine if a role exists for p-
glucan-recognizing receptors recently described in oral epithelial cells, such as EphA2 104,
in the bronchopulmonary system.

A number of /n vitro models have demonstrated that airway epithelial cells are capable of
phagocytosing A. fumigatus conidia. However, the phagocytic activity of airway epithelium
in vivoremains controversial; differences between /n vitro and /n vivo observations may be
due in part to recapitulating and modifying normal airway epithelium in culture. It has been
hypothesized that airway epithelial cells may serve as a space where Aspergillus conidia are
protected from patrolling immune cells allowing for hyphal germination.105-107
Phagocytosis by non-ciliated rabbit tracheoepithelial cells and rat alveolar type 1 cells has
been observed in liquid culture.106 A549 cells and 16HBE140-cell monolayers (a
transformed cell line model of human bronchial epithelium) are capable of phagocytosing
Aspergillus conidia through an actin-dependent polymerization process.107-109 A number of
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genes involving in actin cytoskeleton rearrangement contribute to conidial phagocytosis as
demonstrated by gene microarrays and bulk RNAseq.109110 Stimulation with -1,3-glucan
alters the ratio between non-phosphorylated and phosphorylated phospholipase D activation
states suggesting Dectin-1 also plays a role in conidial internalization.!! The Aspergillus
transcription factor PacC, which plays a role in cell wall remodeling, contributes to conidial
internalization by airway epithelium as pacCA A. fumigatus mutant conidia demonstrated
decreased Dectin-1 dependent internalization into A549 cells.112 Cofilin-1 is an actin
modulating protein involved in the maintenance and regulation of apical junctional
complexes in epithelial barriers.113 Phosphorylation of cofilin-1 contributes to
internalization of Aspergillus conidia. Cofilin phosphorylation were not reduced by pre-
treatment with a blocking anti-dectin-1 antibody pointing towards engagement of alternative
phagocytic mechanism.114 Aspergillus conidia phagocytosed by A549 cells or primary
human nasal epithelium are passed through to mature phagolysosomes marked by
LAMP-1.107’115

In vivo, there remains no clear evidence of phagocytosis of Aspergi/lus conidia by airway
epithelium. Using transmission electron microscopy of bronchial epithelial cells in
immunosuppressed mice, conidia localized to epithelial cell junctions, but internalization
was not observed.116 Airway epithelial cells express a range of PRR, which could likely
facilitate the phagocytosis of Aspergillus conidia. Signaling through TLR-2 increases
Dectin-1 expression in airway epithelial cells.117 Activation of TLR-3, which recognizes
dsRNA, results in the release of interferon-p and IP-10/CXCL-10 from airway epithelial
cells in response to resting conidia through a pathway that is partially dependent on NFxB-
signalling.11® Recently, it was recognized that Dectin-1 binding promotes TLR9 recruitment
to the phagosome during the recognition of Aspergillus conidia.11® The role of TLR9 in
airway epithelial cells has yet to be defined.

Ultimately, our understanding of the role of airway epithelial cells and alveolar epithelial
cells is limited by the availability of airway models. Research in this area has primarily been
conducted in the A549 adenocarcinoma cell line. It is unclear how these findings translate to
primary human cells who may be at risk for invasive fungal disease. The lack of conidial
phagocytosis /n vivo suggests that findings in an /n vitroimmortalized cell line may not
completely recapitulated true disease. Studies in primary human airway epithelium are
complicated by a number of factors including 1) challenges in obtaining primary cells, 2) the
complex interplay of multiple cell types in the tissue, and 3) the functional limitations of
working in air-liquid interface. Additionally, recapitulating and manipulating the alveolar
organoid /n vitro represents an additional set of challenges. Overcoming these challenges to
experiment directly in primary human airway epithelium will be critical in understanding the
early steps in establishing fungal lung diseases.

Conclusions

Phagocytosis is a basic tenant of innate immune cells that play a fundamental role in the
detection of and defense from invasive fungal diseases. Professional phagocytes, such as
macrophages, neutrophils and DC are effector arms of the innate immune system clearing
fungal pathogens. They are necessary for the production of key cytokines to support the
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innate immune response and possess potent fungicidal activity. Despite serving as the first-
line tissue defense to inhaled fungal pathogens, the role of non-professional phagocytes,
such as epithelial cells, is less clear. Aspergillus conidia interactions with the airway
epithelium may also contribute to immune surveillance evasion, thus promoting infection.
Our understanding of the airway epithelium-fungal pathogenesis has been limited by
appropriate tissue systems. As advanced models are developed, we will gain key insights
into the epithelium as a bridge between the host, pathogen and environment.

There are a number of key open questions that remain in the field: What are the relative
contributions to receptors other than Dectin-1 in driving and modulating the response to
fungal pathogens? Does phagocytosis of inhaled Aspergillus conidia occur under
physiological conditions with completely recapitulated airway epithelium? Are all cells
capable of forming extracellular traps, or is this a neutrophil and pDC specific process? Are
the immune responses needed to contain and eradicate fungal pathogens specific to the site
of infection? What remains clear is that a deeper understanding of the host-pathogen
interactions between fungi and humans will be critical in developing new therapeutic
strategies.
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Figure 1.
Phagocytosed C. glabrata by a macrophage. Live (red) and heat-killed C. glabrata (green)

were incubated with a mouse primary bone-marrow derived macrophage. Lysotracker (blue)
delineates the acidified compartments containing only dead yeast, whereas live C. glabrata
evades phagosomal acidification remaining in a neutral compartment. Bar = 5um.
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Figure 2.
A. fumigatus conidia interacting with fully differentiated human airway epithelium. Live,

swollen FLARE-strain A. fumigatus conidia were incubated with fully differentiated adult
human small airway epithelium derived from basal stem cells, grown at air-liquid interface.
Conidia were allowed to incubate for (A) 6 hours or (B) 18 hours. Samples were stained for
acetylated tubulin, a ciliated cell marker (red) and DAPI (nucleus, blue). Live conidia and
hyphae express DSred (green). The FLARE strain was kindly provided by Dr. Tobias Hohl
(MSKCC, New York, NY USA).
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