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People are constantly exposed to airborne fungal spores, including Aspergillus fumigatus
conidia that can cause life-threatening conditions in immunocompromised patients or
acute exacerbations in allergics. However, immunocompetent hosts do not exhibit
mycoses or systemic inflammation, due to the sufficient but not excessive antifungal
immune response that prevent fungal invasion. Intraepithelial dendritic cells (IE-DCs) of
the conducting airway mucosa are located in the primary site of the inhalant pathogen
entry; these cells can sense A. fumigatus conidia and maintain homeostasis. The
mechanisms by which IE-DCs contribute to regulating the antifungal immune response
and controlling conidia dissemination are not understood. To clarify the role of IE-DCs
in the balance between pathogen sensing and immune tolerance we investigated the
A. fumigatus conidia distribution in optically cleared mouse lungs and estimated the
kinetics of the local phagocytic response during the course of inflammation. MHCIIT
antigen-presenting cells, including IE-DCs, and CD11b* phagocytes were identified
by immunohistochemistry and three-dimensional fluorescence confocal laser-scanning
microscopy of conducting airway whole-mounts. Application of A. fumigatus conidia
increased the number of CD11b™ phagocytes in the conducting airway mucosa and
induced the trafficking of these cells through the conducting airway wall to the luminal
side of the epithelium. Some CD11b™ phagocytes internalized conidia in the conducting
airway lumen. During the migration through the airway wall, CD11b™* phagocytes formed
clusters. Permanently located in the airway wall IE-DCs contacted both single CD11b™
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phagocytes and clusters. Based on the spatiotemporal characteristics of the interactions
between IE-DCs and CD11b™ phagocytes, we provide a novel anatomical rationale for
the contribution of IE-DCs to controlling the excessive phagocyte-mediated immune
response rather than participating in pathogen uptake.

Keywords: intraepithelial dendritic cells, Aspergillus fumigatus, mouse model, conducting airway mucosa, whole-
mount specimens, fluorescent confocal laser-scanning microscopy

INTRODUCTION

The drug resistance-mediated expansion of infections caused
by fungi, including Aspergillus fumigatus, makes further
investigation of antifungal immune response mechanisms
of great importance (1, 2). Dendritic cells (DCs) contribute
to defense against A. fumigatus-induced infections and are
considered as potential target cells for the development of
new immune augmentation therapeutic strategies (3, 4). In the
airways, mucosal DCs form a network that permits the sensing
of inhaled pathogens such as A. fumigatus conidia (5, 6). DCs of
the airway mucosa function as professional antigen-presenting
cells (APCs) and can sample airborne antigens and activate the
adaptive immune response, either systemically in the draining
lymph nodes or locally in the periphery (7, 8). Beyond activation
of adaptive immunity, tissue-resident DCs control the local
innate immune response that is crucial in acute inflammation
(9-11). Airway DCs comprise three subsets: two conventional
types (cDCls and ¢DC2s) and plasmacytoid pDCs, which can
be defined using a set of lineage-imprinted markers either in
tissue homogenates by flow cytometry and mass cytometry
(12) or in tissue specimens by an immunohistochemistry-
based method (13). Notably, immunohistochemistry of thick
tissue specimens permits the determination of the location
and microenvironment of a certain cell, but the identification
of DC subsets is restricted to the use of a limited number
of simultaneously detected markers. Lung pDCs and cDCs
have been discriminated using immunohistochemistry (13).
However, no strong correspondence between cDC1/cDC2
and CD1037CD11b~/CD103~CD11b* ¢DC subsets detected
by immunohistochemistry was reported. At the same time, a
significant reduction of lung CD103" cDC numbers was detected
in Batf3_/ ~ mice (14). Since cDC1 development was shown to be
BATF3-dependent (12), this observation supports the evidence
that detected by immunohistochemistry CD103tCD11b™ cells
can be classified as cDCls. In the conducting airways under non-
inflamed conditions, cDCs mostly express CD11c and MHCI],
possess heterogeneous morphology and locate differently in
relation to the epithelial and smooth muscle layers (15). It
has been shown indirectly that CD103TCD11b~cDCs are
characterized by irregular shapes with multiple dendrites,
while CD103~CD11b" cDCs possess amoeboid shapes (16).
cDC subsets occupy distinct microanatomical compartments:
CD1037CD11b~ cells are located within the epithelial barrier
in close proximity to epithelial cells and above the basement
membrane, here termed intraepithelial DCs (IE-DCs), while
CD1037CD11b" cells-beneath the smooth muscle layer in

the submucosal compartment (5, 16). Conducting airway
mucosal DCs possess distinct motility characteristics: IE-DCs are
sessile with dendrites adhered to the epithelium, while amoeboid
subepithelial DCs are motile and migrate randomly (5). Although
IE-DCs are commonly represented by CD103TCD11b~ cDCs
(16), the shape of these cells is dictated by their tissue location, by
the need to squeeze through between the epithelial cells and to a
lesser extent by their developmental origin (T.Z. Veres, personal
communication, January 2018). Thus, a branched shape may
potentially be attributed to different DC subsets.

The role of conducting airway mucosal DC subsets in
the A. fumigatus-induced inflammatory response is still
under investigation. cDC2s can potentially contribute to the
direct internalization of conidia via CD11b and complement-
dependent types of phagocytosis (17). DCs can also sense and
internalize fungal spores via pattern recognition receptors such
as the lectin receptors Dectin-1 and Dectin-2 and the mannose
receptor DCSIGN, which act in cooperation with Toll-like
receptors, mainly TLR2 and TLR4 (18). Previously, we have
shown that intraepithelial MHCII cells with irregular shapes
(intraepithelial APCs) occasionally ingested A. fumigatus conidia
in the conducting airways of mice with preexisting allergic
sensitization (6). The fact that IE-DCs are mainly represented by
CD1037CD11b~ ¢DCs (16), which could be classified as cDCls,
allows to suppose IE-DCs to potentially contribute to the control
of inflammation and the maintenance of homeostasis in the
airways (9, 10).

People inhale approximately from hundred to thousand A.
fumigatus conidia daily (1). However, inhalation of conidia
does not cause fungal contamination or severe inflammation in
immunocompetent hosts. Analysis of the spatiotemporal aspects
of interactions between inhaled conidia and immune cells in the
natural microenvironment would provide deep insight into the
balance between pathogen sensing and immune tolerance.

Here, we focus on the local innate immune response in the
conducting airways of mice that received a single dose of 5
x 10 A. fumigatus conidia via the oropharyngeal route. To
clarify the role of conducting airway IE-DCs in the antifungal
response, we estimated the kinetics of APCs in conducting
airway mucosa during the course of A. fumigatus conidia-
induced inflammation. We characterized the inflammation-
induced changes in intraepithelial APC subsets of the conducting
airway wall: IE-DCs and CD11c~ APCs. We also investigated the
ingestion effectiveness of CD11c™ cells and CD11b™ phagocytes
in the conducting airway mucosa. Spatiotemporal analysis of the
interactions between IE-DCs and CD11b™ phagocytes revealed
the formation of direct contacts between IE-DCs and the
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swarming clusters of CD11b* phagocytes that infiltrated the
airway wall in response to A. fumigatus conidia. Our data provide
evidence that such interactions can play important roles in the
local control of the acute inflammation in the airways.

MATERIALS AND METHODS

Animals and Ethics Statement

CD11c-EYFP mice on C57BL/6 background (19) were kindly
gifted by Prof. Michel C. Nussenzweig (The Rockefeller
University, New York, NY), bred in animal facility of Shemyakin
and Ovchinnikov Institute of Bioorganic Chemistry, Russian
Academy of Sciences; male (18-30 weeks old) were used in this
study. All animal experiments were performed in concordance
with the Guide for the Care and Use of Laboratory Animals
under a protocol approved by the Institutional Animal Care
and Use Committee at Shemyakin and Ovchinnikov Institute of
Bioorganic Chemistry Russian Academy of Sciences (protocol
number 245/2018). Animals were given standard food and tap
water ad libitum and housed under regular 12-h dark: light cycles
at 22°C.

Aspergillus fumigatus Strain

The A. fumigatus strain AfS150 (20), a ATCC 46645 derivative
constitutively expressing the dTomato fluorescent protein, was
used in this study. Conidia of this isolate had been obtained from
Prof. Sven Krappmann (University Hospital Erlangen and FAU
Erlangen-Niirnberg, Germany).

Conidia were fixed overnight with 3% paraformaldehyde
(Sigma-Aldrich, Seelze, Germany), washed twice with Dulbecco’s
Phosphate-Buffered Saline (DPBS) (PanEco, Moscow, Russia).
Since the fluorescence of dTomato fluorescent protein was lost
after fixation, conidia were labeled with Alexa Fluor 594 NHS
Ester (Thermo Fisher, Eugene, OR) or Alexa Fluor 700 NHS Ester
(Thermo Fisher) according to the manufacturer’s instructions.
Conidia were filtered through 10 wm Nylon Net Filter (Millipore,
Cork, Ireland), aliquoted, and stored at 4°C until use.

A. fumigatus Conidia Application
Paraformaldehyde fixed A. fumigatus conidia were dissolved
in DPBS to a concentration of 1 x 10 conidia/mL. Mice
were anesthetized by inhalation of isoflurane (Baxter, Guayama,
Puerto Rico) and a 50-p.L droplet containing 5 x 10° of conidia
(unless otherwise indicated) was applied to the oropharyngeal
cavity of each mouse (21).

Neutrophil Depletion

Neutropenia was mimicked by injecting neutrophil-depleting
antibodies rat anti-mouse Ly6G (BioLegend), clone 1A8, 170
ng per mouse. Antibody dosage was chosen in accordance with
our previous findings (22). Control groups received rat IgG2a
(BioLegend), 170 g per mouse. All antibodies and isotype
controls were diluted in DPBS to a total volume of 200 l
and administered via intraperitoneal injection 1 day prior to A.
fumigatus conidia application.

Whole-Mount Lung Lobe Specimen

Preparation, Staining, and Optical Clearing
Animals were euthanized and their lungs were harvested and
fixed without inflation with 2% paraformaldehyde within 2h at
room temperature. Lung lobes were initially washed with Tris-
buffered saline (TBS), pH 7.4, 5 times each for 1h and then
blocked overnight with 0.3% Triton X-100 (Helicon, Moscow,
Russia) and 5% powdered milk (Roth, Karlsruhe, Germany) in
TBS at room temperature at 150 rpm on a shaker (Apexlab,
Moscow, Russia). The airways were labeled with streptavidin
conjugated to Alexa Fluor 488 (Thermo Fisher) for 3 days (23).
Specimens were washed in TBS as it was mentioned above
and postfixed overnight in 2% paraformaldehyde. Lung lobe
optical clearing was performed at room temperature on a sample
mixer MXIC1 (Thermo Fisher). For dehydration specimens were
incubated with 50% methanol for 1h and then with 100%
methanol for 2 h. For clearing specimens were immersed in 1 mL
of a mixture of one volume of benzyl alcohol and two volumes of
benzyl benzoate (BABB) for at least 20 min. Then, the lung lobes
were placed into cell imaging coverglass chambers (Eppendorf,
Hamburg, Germany) and stored until the time of microscopy.

Whole-Mount Conducting Airway

Specimen Preparation and Staining

Lungs were inflation-fixed with 2% paraformaldehyde and stored
at 4°C overnight. The main bronchi from lung lobes (left and
right inferior) were dissected. The airways were then washed
with DPBS, permeabilized with 0.3% Triton X-100, and blocked
with 1% bovine serum albumin (Serva, Heidelberg, Germany)
and 4% normal goat serum and/or normal donkey serum
(Jackson Immuno Research, Cambridge, UK). The following
antibodies and dilutions were used: purified anti-mouse I-
A/I-E (BioLegend), 1:50; purified rat anti-mouse Ly6G/Ly6C
(BioLegend), clone RB6-8C5, 1:50; Alexa Fluor594-conjugated
anti-mouse Ly6G (BioLegend), clone 1A8, 1:50; purified rat anti-
mouse CD11b (BioLegend), 1:50; allophycocyanin-conjugated
anti-mouse CDI11b (BioLegend), 1:50; Alexa 555-conjugated
goat anti-rat IgG (Thermo Fisher), 1:250; Alexa 594-conjugated
donkey anti-rat IgG (Thermo Fisher), 1:250. Phalloidin-Atto
490 LS (Sigma) and Hoechst 33342 (Thermo Fisher) were used
according to manufacturers recommendation. All samples were
mounted in Prolong Gold mounting medium (Thermo Fisher).

Confocal Laser-Scanning Microscopy

An inverted confocal LSM780 microscope (Zeiss, Jena, Germany)
was used in all experiments with either a 10x (NA = 0.3),
40x (NA = 1.4, water immersive), or a 100x (NA = 1.46, oil
immersive) objective. Excitation at 405, 488, 561, and 633 nm
was used to visualize Hoechst 33342, Alexa Fluor 488, Alexa
Fluor 555/594, allophycocyanin and Alexa 700 fluorescence,
respectively. Emission was measured in CLSM h-mode using a
34-channel QUASAR detector (Zeiss) set to a 405-695 nm range.
For quantitative analysis, images were captured as 2 x 2 tile
grids at the same regions of each specimen using the 40 x
objective, with an individual xyz tile size of 354 x 354 x 30 pm.
Higher magnification images were acquired in z-stacks at the
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region of interest using the 100x objective. Spectral unmixing
was performed using ZEN 2012 SP5 software (Zeiss). Finally,
the images were processed using Adobe Photoshop CS version
5 (Adobe Systems, Mountain View, CA).

Quantitative Image Analysis

Image stacks were analyzed using Imaris version 7.6.5 software
(Bitplane Scientific Software, Zurich, Switzerland). MHCIT*
APCs, CD11c" cells, Ly6G™' neutrophils, CD11b™ phagocytes
and A. fumigatus conidia, along with the epithelial and
smooth muscle layers, were identified and processed via “three-
dimensional surface rendering” of the appropriate channel, as
previously described (22). The threshold and filter settings were
optimized by visually comparing the result with the maximum
intensity projection. Based on the epithelium and smooth muscle
layer position, the “Crop 3D” function was applied to each image
to obtain the appropriate region for quantification. The cell
number was automatically calculated from the respective surface
objects. Visual inspection was performed to confirm the accuracy
of the automated quantitation results. The number of IE-DCs was
quantified manually.

Statistical Analysis

The data are presented as the graph or the scattered dot plot
with the median and interquartile range (IQR) for at least 4
mice. Each point is an average of values that were obtained from
different regions of the specimen (n = 2-4). The differences
between two groups were analyzed with the Mann-Whitney U
test using GraphPad Prism 7 software (GraphPad Software, San
Diego, CA). A p < 0.05 was considered statistically significant.

RESULTS

Conducting Airway Mucosal
Antigen-Presenting Cell Response to A.

fumigatus Conidia
We performed three-dimensional imaging of optically cleared
whole-mount lung lobe specimens of mice preliminarily exposed
to a single dose of 5 x 10° A. fumigatus conidia oropharyngeally
(Figures 1A,B). Specimens were fixed by a procedure without
inflation of lungs with fixative to prevent wash out of conidia
to the alveolar compartment. We found that after a single
dose of 5 x 10° A. fumigatus conidia application, conidia were
accumulated in the alveolar space (Figures 1B,C, bold arrows)
and in the bronchial branches to a lesser extent (Figure 1C, fine
arrows). In the latter case, a precise analysis revealed that conidia
were located in the bronchial lumen in close proximity to the
airway wall (Figure 1C, lower image, fine arrows); and retained
there up to 72 h after conidia application (Figures 1A-C).
Adhesion of conidia to the airway epithelium triggers
the activation of immune cells (24). Previously we have
shown that neutrophils infiltrated the conducting airway
wall in response to A. fumigatus conidia application and
participated in the antifungal defense by the direct conidia
internalization (22). In the present study, we checked whether
mucosal APCs could also internalize conidia in the conducting
airways of immunocompetent mice after a single dose of A.

fumigatus conidia oropharyngeal application. We dissected
the main bronchus and performed immunohistochemistry
of whole-mount airways, as described previously (15, 22).
APCs were identified according to MHCII expression
(Figure 1D, orange), and neutrophils were stained for
Ly6G (Figure 1D, cyan). To distinguish the conducting
airway mucosa from the submucosal compartment, smooth
muscles were visualized by staining their prominent actin
filaments with phalloidin (Figures 1D,E gray). We observed
that both neutrophils (Figure 1E, fine arrow) and conducting
airway mucosal APCs (Figure 1E, bold arrow) internalized A.
fumigatus conidia.

We performed a quantitative analysis of both neutrophils
(Ly6G™) and APCs (MHCII™) in the conducting airway mucosa
at different time points after the oropharyngeal application of
A. fumigatus conidia. Robust neutrophil recruitment to the
airways resulted in a significant increase in neutrophil numbers
at 6, 12 and 24 h after conidia application (Figure 1F, dashed
line). At 48h and later after conidia application the neutrophil
number was not significantly different from that before
conidia application. Meanwhile, the number of conducting
airway mucosal APCs was maintained without significant
alterations during the course of inflammation (Figure 1F,
solid line).

Neutrophils infiltrated the conducting airway mucosa during
the acute phase of A. fumigatus conidia-induced inflammation,
while APCs were present in the airway mucosa continuously.
Mucosal APCs of the conducting airways along with neutrophils
can interact with A. fumigatus conidia to participate in the
antifungal defense.

Conducting Airway IE-DC Kinetics During
the Course of A. fumigatus

Conidia-Induced Inflammation

While in the alveolar space alveolar macrophages were shown to
ingest conidia and provide sufficient antifungal defense (25, 26),
monocyte-mediated immune response in the bronchial branches
and the conducting airway is not characterized. In the present
study, we focused on the resident conducting airway wall DCs
that express CD11c and MHCII, located within the epithelium
above the epithelial basement membrane and possessed irregular
shape with dendrites (Supplementary Figure 1), termed here
intraepithelial DCs (IE-DCs). We showed that IE-DCs mainly
represented conducting airway wall APCs in uninfected mice
(Figure 2A, upper images). However, in contrast to the
uninfected state, A. fumigatus conidia application triggered the
recruitment of CD11¢~ APCs (MHCIITCD11c™ cells) with the
similar to IE-DCs morphology to the airway wall (Figure 2A,
lower images). CD11c~ APCs were not observed in the airway
wall of uninfected mice, but were detected 6 h after A. fumigatus
conidia application (Supplementary Figures 1A-D) and after,
particularly 72h after conidia application (Figure2A, lower
images, Figures 2B,C). Both IE-DCs and CD11c~ APCs were
located in close proximity to the epithelial cells above the smooth
muscles and above the epithelial basement membrane (Figure 2C
and Supplementary Figure 1). Both IE-DCs and CD11c~ APCs
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A. fumigatus conidia Airways

B A fumigatus conidia Airways

FIGURE 1 | A. fumigatus conidia-mediated changes in intraepithelial APCs of the conducting airways. (A) Localization of A. fumigatus conidia in the bronchial
compartment using optically cleared whole-lung specimens. Representative image of the optically cleared left lung lobe of mice obtained 72 h after 5 x 10° A.
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fumigatus conidia application. Airways (gray) and conidia (magenta) are represented via volume rendering. Grid spacing, 500 wm. (B) Slice of the specimen shown in
(A). Scale bar, 1,000 um. (C) Region indicated in (B) is represented as x-y (upper image) and x-z (lower image) projections showing conidia in the alveolar space (bold
arrows) and in the bronchial compartment (fine arrows). Scale bar, 200 um. (D) Potential phagocytic cells: APCs (MHCII*, orange) and neutrophils (Ly6G™, cyan) in the

conducting airway mucosa of mice 72 h after 1.5 x 107 A. fumigatus conidia (magenta) application. APCs, neutrophils and conidia are represented via surface
rendering, smooth muscles and epithelium (gray) via volume rendering. Grid spacing 20 wm. (E) Enlarged region that is boxed in (D). Bold arrow indicates APC
(MHCII, orange) that internalized conidia (magenta) and fine arrow indicates neutrophil (Ly6G, cyan) that internalized conidia (magenta). APCs, neutrophils and conidia
are represented via surface rendering. Grid spacing, 10 um. (F) Quantitative analysis of neutrophil (dotted cyan line) and APC (solid orange line) numbers in the
conducting airway mucosa of mice that received 5 x 10° conidia at different time points after conidia application (n = 4-12 mice per time point; n = 2-6 tiles per
mouse). The data are shown as the median and IQR. Statistical analyses were performed using the Mann-Whitney U-test. Significant differences between the
indicated time point and the 0 h time point (before conidia application) are indicated: *p < 0.05; **p < 0.01; if not indicated, no significant difference.

formed the network of intraepithelial APCs in the conducting
airway (Figures 2A,B).

The number of intraepithelial APCs accounted for one-
fourth of the total number of conducting airway mucosal
APCs (Figures 1F, 2D, orange solid line). Therefore, the
recruitment of CD11c™ APCs to the airway wall resulted in
the alteration of the number of intraepithelial APCs, but did
not influence significantly the total number of mucosal APCs
(Figures 1F, 2D, solid line). The number of intraepithelial APCs

was significantly higher in the late phase of inflammation
(72h) than in the uninfected state (Figure 2D). Moreover, the
number of CD11c™ APCs was significantly elevated at 72h
in the airway wall (Supplementary Figure 1E). Recruitment
of CD11c™ APCs reflected the proportion of IE-DCs among
intraepithelial APCs. The percentage of IE-DCs decreased with
the progression of inflammation and reached a significantly lower
level at 72h (Figure 2E). At the same time, the elevation of
intraepithelial APCs that was observed at 72 h after the conidia
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FIGURE 2 | APCs of the conducting airway walls of uninfected and A. fumigatus conidia-infected mice. (A) Representative images of the conducting airway walls of
uninfected mice (upper row) and of mice at 72 h after A. fumigatus conidia application (lower row). Intraepithelial APCs (MHCII, orange), including IE-DCs (CD11c,
green), that are located between smooth muscles and the epithelium (Actin, gray) are represented via volume rendering. Cell nuclei are indicated in blue. Scale bar,
50 wm. (B) Higher magnification image of the region indicated in (A), showing two APCs that are MHCII* (orange), one of them is also CD11c* (green) and therefore is
related to |IE-DCs. Scale bar, 20 um. (C) Frontal (upper image) and lateral (lower image) three-dimensional images of the region indicated in (A) showing the precise
position of IE-DC and CD11¢~APC (MHCII* CD11c¢™) in relation to the epithelium and smooth muscles (gray). APCs are represented via surface rendering, smooth
muscles and epithelium via volume rendering. Grid spacing, 5 um. (D) Quantitative analysis of the intraepithelial APC numbers at different time points after conidia
application in immunocompetent mice (1 = 4-10 mice per time point; each data point is an average n = 2-6 tiles per mouse). (E) The proportion of IE-DCs among
intraepithelial APCs at 0, 6, and 72 h after conidia application (n = 4-7 mice per time point; each data point is an average n = 2—4 tiles per mouse). (F) The numbers
of IE-DCs at 0, 6, and 72 h after conidia application (n = 5-10 mice per time point; each data point is an average of n = 2-4 tiles per mouse). The data are shown as
the median and IQR. Statistical analyses were performed using the Mann-Whitney U test. Significant differences between the indicated time point and the O h time
point (before conidia application) are indicated: **p < 0.01; **p < 0.005; ns, no significant difference.
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application (Figure 2D) did not result from the infiltration of
CD11c™ APCs only. The number of IE-DCs also increased
significantly at 72h compared to that of uninfected mice
(Figure 2F).

We identified inflammation-biased heterogeneity of
intraepithelial APCs in the conducting airways and
showed the infiltration of CDIllc™ APCs and IE-DCs
to the airway wall during the late phase of A. fumigatus
conidia-induced inflammation.

Contribution of IE-DCs to A. fumigatus

Conidia Internalization

Previously we have observed occasional internalization of A.
fumigatus conidia by intraepithelial APCs in mice with induced
allergic sensitization (6). The aim of the present study was
to detect whether conducting airway IE-DCs contribute to
conidia internalization. A. fumigatus conidia are mainly ingested
by complement-dependent phagocytosis (17). Complement
receptors CR3 (CDI11¢/CD18) and CR4 (CDI11b/CD18)
are involved in opsonized pathogen internalization and
digestion (27). As all DCs express CDIllc and c¢DC2s
express CD11b, which are components of CR3 and CR4,
respectively, these cells possess phagocytic potential. To check
the hypothesis, first, we examined for CD11b expression by
the conducting airway IE-DCs. We observed that CD11b was
prominently expressed by round-shaped cells that infiltrated
the conducting airway wall or were identified at the luminal
side of the epithelium (Figure3A, arrowheads). Precise
analysis revealed that these cells were mainly represented by
Ly6G*' neutrophils, however, in some cases CD11b* cells
were Ly6G~ (Supplementary Figure 2). We also found several
CD11c¢"CD11b" cells with both amoeboid shape (Figure 3A,
fine arrow) and dendrites (Figure3A, bold arrow) in the
airway wall. According to their location and morphology, the
latter can be classified as IE-DCs. Notably, the expression of
CD11b by conducting airway wall CD11c" cells (Figure 3A,
fine and bold arrows) was weaker than that by neutrophils
(Figure 3A, arrowheads).

We next investigated the contribution of IE-DCs (either
CD11bT or CD11b~) and CD11b+tCD11c™ cells, referred
to hereafter as CDI11b™ phagocytes, to A. fumigatus
conidia uptake. We did not observe any IE-DC-conidia
interactions. The cells that ingested conidia, both CD11c"
cells and CD11b* phagocytes, were located on the luminal
side of the conducting airway epithelium (Figures3B-D,
Supplementary Figure 3). Some IE-DCs were observed in close
proximity to conidia (Figure 3B, Supplementary Figure 3),
but three-dimensional imaging revealed the absence of
contacts between IE-DCs and conidia (Figures3C,D,
Supplementary Figure 3). All internalizing conidia CD11c"
cells that were observed in the present study possessed a
round shape and were located on the luminal side rather than
IE-DCs that resided on the abluminal side of the epithelium
(Figure 3D).

To estimate the contribution of conducting airway mucosal
CD11c" cells to conidia internalization, we quantified the

number of CDI1lcT cells (either CD11bT or CDI1b™)
that internalized A. fumigatus conidia and compared it to
that of CD11b* phagocytes. During the acute phase of
inflammation (from 6 to 24h), the ingestion effectiveness of
CD11b"phagocytes was higher than that of CDI1lct cells
(Figure 3E). The number of conidia that were internalized
by CD11b* phagocytes (Figure3E, In CDI11b*CDllc™)
was approximately three-fold higher than the number of
conidia internalized by CD11c" cells (Figure 3E, In CD11ct).
Among ingesting CD11ct cells, the percentage of conidia
that were internalized by CD11ctCD11b* cells exceeded 50%
(Figure 3F).

Airway mucosal CD11ct cells contributed substantially to the
uptake of conidia of A. fumigatus in the conducting airways;
however, the ingestion effectiveness of CD11b* phagocytes
(mostly neutrophils) was higher than that of CD11c™ cells. At
the same time, IE-DCs that laid within the epithelium, but closer
to the basement membrane than to the luminal side of the
epithelial cells were unlikely to internalize conidia during the
course of single-dose conidia-induced inflammation due to their
spatial separation.

CD11b* Phagocytes Migrate Through the
Conducting Airway Wall in Response to

A. fumigatus Conidia Application
In the conducting airways A. fumigatus conidia (both free
and internalized by immune cells) were observed mostly on
the luminal side of the epithelium (Figures 3C,D). To be able
to interact with conidia phagocytic cells must pass through
the airway wall and reach the luminal side of the epithelium.
Because of CD11b™ phagocytes were contributed the most
to conidia uptake (Figure3E), we identified the location
of CD11b* phagocytes during the course of A. fumigatus
conidia-induced inflammation. Opposite to IE-DCs that were
continuously detected in the airway wall (Figures 2D, 4A),
CD11b™ phagocytes recruited to the airway wall in inflammation
phase-dependent manner. At 6h, CD11b* phagocytes were
already in the airway mucosa, but they were between smooth
muscle fibers and in close proximity to the smooth muscle
layer (Figure 4A, left images). At 24h, the majority of these
cells moved in close proximity to the epithelium (Figure 4A,
middle images). CD11b*" phagocytes left the airway wall at
72h after conidia application and were mostly located on
the luminal side of the epithelium (Figure 4A, right images).
Although some CD11c" cells were identified at the luminal
side of the epithelium, the number of IE-DCs did not
decrease but instead increased significantly at 72 h after conidia
application (Figure 2F). The observation supported the evidence
that IE-DCs do not migrate from the airway wall to the
luminal side of the epithelium. While IE-DCs were unlikely
to migrate from the airway wall to the lumen, such migration
was demonstrated for conducting airway mucosal CD11b*
phagocytes (Figure 4A).

We then quantified the number of CD11b™* phagocytes at
different time points after conidia application and found that
the number of these cells significantly increased at 12h and
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FIGURE 3 | Airway mucosal CD11c* cells and CD11b* phagocytes contribute to conidia internalization. (A) Representative images of the conducting airway mucosa
of mice 72 h after conidia application showing CD11c™ cells (green), particularly IE-DCs, expressing CD11b (light blue) (bold arrow), CD11c* cells possessing an
amoeboid shape and expressing CD11b (fine arrow) and CD11b™ phagocytes (CD11c~CD11b™, arrowheads). Images are shown as a volume rendering. Grid
spacing, 20 um. (B) Representative images of the events of A. fumigatus conidia (magenta) internalization by CD11c™ cell (green) or CD11b* phagocyte (light blue) on
the luminal side of the conducting airway epithelium (gray) 6 h after conidia application. Grid spacing, 20 wm. (C,D) Enlarged regions that are boxed in (B) showing the
internalization of conidia (magenta) by CD11c™ cell (fine arrow) or by CD11b™ phagocyte (arrowhead). IE-DC is indicated by bold arrow. (C) Cells and conidia are
represented via surface rendering, and the epithelium is represented via volume rendering. Grid spacing, 20 wm. (D) Frontal (upper image) and lateral (lower image)
views of the region presented in (C) Scale bar, 20 wm. (E) Quantitative analysis of conidia that were internalized by CD11c™ cells (In CD11c™), CD11b™ phagocytes (In
CD11b*CD11c™) and noninternalized 24 h after conidia application (n = 4 mice; at least 100 conidia per specimen). (F) Quantitative analysis of conidia that were
internalized by CD11c*cells, either CD11c™CD11b™ cells (In CD11ctCD11b™) or CD11¢T™CD11b~ cells (In CD11ct™CD11b™) 24 h after conidia application (0 = 4
mice; at least 100 conidia per specimen). The data are shown as the median and IQR.
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remained increased at later time points up to 72h after conidia  of conducting airway mucosa were mainly represented by
application (Figure4B). Similar kinetics were demonstrated  neutrophils (Supplementary Figure 2). Notably, there were no
above for conducting airway mucosal neutrophils (Figure 1F),  significant changes in the numbers of conducting airway mucosal
that is in line with the observation that CD11b* phagocytes ~ CD11b™ phagocytes at 6, 24 and 72 h (Figure 4B). Quantitative
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FIGURE 4 | CD11b* phagocyte kinetics and location during the course of A. fumigatus conidia-induced inflammation. (A) Representative images of CD11¢™ cells
(green) and CD11b™* phagocytes (light blue) of the conducting airway mucosa of mice at 6 (left images), 24 (middle images) and 72 (right images) h after conidia
application. Cells and conidia are represented via volume rendering at frontal projections of the luminal side of the epithelium (upper images) and at frontal projections
of the levels of smooth muscles (middle images) and at the lateral projections (lower images). Scale bar 30 wm. (B) Kinetics of conducting airway mucosal CD11b™
phagocytes in response to A. fumigatus conidia application (n = 4-7 mice per time point; each data point is an average n = 2-4 tiles per mouse). (C) Quantitative
analysis of CD11b™ phagocytes on the luminal side of the conducting airway epithelial barrier at 6, 24, and 72 h after A. fumigatus conidia application (1 = 4 mice per
time point; each data point is an average n = 2—4 tiles per mouse). The data are shown as the median and IQR. Statistical analyses were performed using the
Mann-Whitney U-test. The difference (B) between the indicated time point and the time point before conidia application (no conidia at 0 h) (C) between the indicated
time point and the time point 6 h after conidia application is indicated: *p < 0.05; “*p < 0.01; ns, not significant.

analysis of the CD11b™ phagocyte migration showed a significant Upon development of an inflammatory immune response,
increase in these cell numbers on the luminal side of the = CDI11b™ phagocytes migrated from the submucosa to the site of
epithelium at 72h compared to that at 6h after conidia interaction with the pathogen-the luminal side of the conducting

application (Figure 4C). airway epithelium.
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IE-DCs Interact With Single CD11b*
Phagocytes and Swarming Phagocyte

Clusters

CD11b* phagocytes infiltrated the conducting airways upon
inflammation and formed clusters in the conducting airway
wall (Figure 5A, blue). Such swarming is well-established
for neutrophils in response to pathogens or sterile tissue
damage (28). Infiltrating conducting airway wall CD11b*
phagocytes interacted with IE-DCs (Figure 5A, violet). Notably,
IE-DCs contacted with both single CD11b™ phagocytes
(Figure 5A, lower right image, violet) and with phagocyte
clusters (Figure 5A, lower right image, orange). Precise
analysis of tight contacts revealed the formation of a structure
resembling a phagocytic cap by IE-DCs around the neutrophil
(Figures 5B,C). Our findings show that upon inflammation,
CD11b™ phagocytes migrate to the conducting airway wall,
where IE-DCs interact with both single phagocytes and with
phagocyte clusters.

To clarify the role of IE-DC-CD11ct phagocyte contacts
in the course of A. fumigatus conidia-induced inflammatory
response, we performed quantitative analyses of the interactions.
In the conducting airway wall the swarming was the most
pronounced at 12 h after conidia application, when the number
of CD11b™ phagocytes was significantly increased (Figure 4B).
The number of IE-DCs in contact with CD11b* phagocytes
increased significantly at 12, 24, and 72 h after conidia application
compare to uninfected state (Figure 5D, green bars). At 48h,
this number was also increased, but not significantly (Figure 5D,
green bars), while it returned to the level that was observed
in uninfected mice by day 5 (120h) after A. fumigatus conidia
application (Figure 5D, green bars). Similarly, the number
of CD11b* phagocytes in contact with IE-DCs significantly
increased at 12, 24, 48, and 72h after conidia application in
comparison to uninfected mice (Figure 5D, light blue bars).
The number of interacting CD11b" phagocytes at 12h after
application significantly exceeded the number of interacting IE-
DCs, indicating that one IE-DC was in contact with more than
one CD11b* phagocyte (Figure 5D).

These contacts were detected up to 72h after conidia
application, but at 72h, the CD11b* phagocyte:IE-DC ratio in
such contacts decreased (Figure 5D), in part due to a significant
increase in IE-DC numbers (Figures 2D,F). Interestingly, in the
case of neutrophil depletion by injection of depleting antibodies,
no significant elevation of IE-DC number was detected at 72h
after conidia application (Figure 5E).

During the migration through the airway wall, CD11b*
phagocytes interacted with IE-DCs. We have shown here that the
elevation of CD11b™ phagocyte (mostly neutrophil) numbers in
the airway wall during the acute phase caused the upregulation
of IE-DC numbers during the late phase of A. fumigatus conidia-
induced inflammation.

DISCUSSION

It was previously accepted that A. fumigatus conidia penetrated
the alveolar space due to their small size (2-3pum) (1, 29).

Alveolar macrophages were shown to ingest them and provide
sufficient antifungal defense. Internalization of conidia by
alveolar macrophages promotes conidia swollen and conidial
pathogen-associated molecular patterns unmasking that
facilitates conidia killing. However, dormant conidia can avoid
the immune system recognition (25, 26). To reach the alveoli,
conidia have to pass the bronchial branches and can retain there
for some time (24). Thus, dormant conidia outside the alveolar
space possess the fungal infection hazard. Here, using optically
cleared whole-mount lung specimens, we observed fixed conidia
in the alveolar space, but also in the conducting airways and
bronchial branches as a result of the application of a single dose of
5 x 10% A. fumigatus conidia. While alveolar macrophages do not
reside in the conducting airways, investigating the role of resident
monocytes in the innate immune response to conidia is of
great importance.

In the present study, we investigated the role of IE-DCs
in the conducting airways during the course of the immune
response to a single oropharyngeal application of A. fumigatus
conidia. We observed no evidence for IE-DCs involvement
in pathogen uptake. IE-DCs did not contact conidia, but by
the direct contact, they sensed neutrophil infiltration to the
airway wall.

We show that the uptake efficiency of A. fumigatus conidia
by conducting airway CD11c™ cells is location-dependent-it
takes place on the luminal side of the airway epithelium and is
not restricted to CD11ctCD11b™ cells only. CD11ctCD11b~
cells also contributed to conidia internalization, however, to
a lesser extent. As a part of the MAC-1 complex, CD11b can
be considered as an indicator of the ingestion effectiveness of
the cell (30, 31). Recently, the importance of CD11b™ cells
in defense against invasive aspergillosis was emphasized by
the protective effect observed after the transfer of myeloid
bone marrow-derived CD11b™ cells to infected mice with
immunosuppression (32). In agreement with this previous
finding, we have shown here that the ingestion effectiveness
of CD11b" phagocytes in the conducting airway mucosa was
more than 50%, while CD11c* cells ingested <25% of conidia.
Predominantly, high expression of CDI11b was attributed to
conducting airway neutrophils; however, CD11ctCD11b™
cells were also occasionally found in the conducting airway
wall. Besides, we observed CD11bTCDI11c™Ly6G~ cells in
conducting airway mucosa during the course of inflammation.
These cells can belong to NK cells, which contribute to defense
against pathogens, including A. fumigatus (33); however, this
hypothesis should be further investigated. Our data indicate
that not only CD11c"CD11b™ but also CD11c*CD11b™ cells
interacted with conidia in the conducting airway lumen. The
observation is in line with a report of Jakubzick et al. (7),
who showed the involvement of CD11b~CD103" pulmonary
DCs in the corpuscular antigen uptake. Thus, although
conducting airway mucosal CD11c" cells are not the main
contributors to fungal spore capture, they participate in
conidia internalization. CDI11lct cells of the conducting
airway mucosa obviously can implement not only CD11b™-
mediated mechanism of conidia uptake, that is common
for neutrophils (17), but also CDllc-mediated (27) or
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FIGURE 5 | Implication of IE-DCs in the regulation of CD11b* phagocyte swarming. (A) Representative images of a region of the conducting airway mucosa 12 h
after A. fumigatus conidia application showing IE-DCs (green) and infiltrating conducting airway wall CD11b* phagocytes (light blue). CD11b* phagocytes are
represented via surface rendering. IE-DCs (green), smooth muscles (gray) and the epithelium (gray) are represented via volume rendering. CD11b™ phagocytes that

form clusters (more than two cells in close proximity) are indicated in blue (upper right image). CD11b* phagocytes that are in contact with IE-DCs are indicated in
(Continued)

Frontiers in Immunology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 298


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

Bogorodskiy et al. Intraepithelial Dendritic Cells Contact Phagocytes

FIGURE 5 | violet (lower middle image). CD11b™ phagocyte clusters in contact with the IE-DC are indicated in orange (lower right image). Grid spacing, 20 um. (B)
Enlarged image of the IE-DC indicated in (A) showing a cluster of CD11b* phagocytes (light blue) around the IE-DC (green). CD11b* phagocytes and the IE-DC are
represented via surface rendering, and the smooth muscle layer is represented via volume rendering. Grid spacing, 10 um. (C) The image, represented in (B) as 3D, is
presented as frontal (upper image) and lateral (lower image) projections. Cells are represented via volume rendering. Scale bar, 15 um. (D) The numbers of interacting
IE-DCs (green bars, triangles) and CD11b™ phagocytes (light blue bars, circles) at different time points after conidia application (n = 4-6 mice per time point; each
data point is an average n = 2-4 tiles per mouse). (E) Quantitative analysis of the number of IE-DCs in the conducting airway of uninfected mice (open triangles) and
at 72 h after A. fumigatus conidia application (green triangles). Data are shown for immunocompetent mice (Immunocompetent), mice that received rat anti-mouse
Ly6G (Neutrophil depletion) and mice that received rat IgG2a (Isotype control) (n = 4-9 mice per time point; each data point is an average n = 2-6 tiles per mouse).
The data are shown as the median and IQR. Statistical analyses were performed using the Mann-Whitney U test. (D) For IE-DCs and for neutrophils, the difference
between the numbers at the indicated time point and the time point before conidia application (0 h) is indicated: *p < 0.05; if not indicated, not significant. The
difference between the neutrophil and IE-DC numbers interacting at indicated time points: *p < 0.05; if not indicated, not significant. (E) The difference between the
numbers at 0 and at 72 h is indicated: *p < 0.01; **p < 0.005; ns, not significant.
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FIGURE 6 | Graphical summary of the cell-pathogen and cell—cell interactions in the conducting airway mucosa during A. fumigatus conidia-induced inflammation. A
small amount of CD11b™ phagocytes (mainly Ly6G™* neutrophils) presents in the conducting airway mucosa of uninfected mice. During the inflammatory response,
these cells infiltrate the airways: in the early phase CD11b* phagocytes accumulate in the submucosa in close proximity to smooth muscles; in the acute phase
CD11b™ phagocytes penetrate the airway wall, and then pass through the epithelium and reach the airway lumen, where some of them interact with A. fumigatus
conidia. Entering the conducting airway wall phagocytes encounter residing there IE-DCs. By the direct contact with CD11b* phagocytes, IE-DCs contribute to
regulating phagocytic response. The amount of IE-DCs increased in the late phase of inflammation. CD11c~ APCs also migrate from the submucosa to the
conducting airway wall during the inflammation. IE-DCs and CD11¢c~ APCs form a network of intraepithelial APCs.

pattern-recognition receptor-mediated (18) internalization  luminal side of the conducting airway epithelium; however, we

of A. fumigatus conidia. do not expect them to be representatives of IE-DCs. Due to
Notably, the events of uptake were mostly observed on the  their branched shape and low motility (5), IE-DCs are not
luminal side of the conducting airway epithelium, and IE- likely to squeeze through the epithelium to the luminal side

DCs were separated from the conidia by the epithelial cells.  to interact with conidia. The migration characteristics of these
Some CD11c" cells that ingested conidia were found on the  cells (34) also provide only weak evidence that intraepithelial
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DCs can egress from the airway wall to the airway lumen.
Moreover, recent studies support the hypothesis that IE-DCs
do not project their dendrites through the epithelial barrier to
the airway lumen (5, 35). In agreement with these observations,
here in the model of single-dose A. fumigatus conidia-induced
inflammation we did not detect IE-DC-conidia interactions and
concluded that IE-DCs were unlikely to catch and internalize
fungal spores. In our previous study, we demonstrated that
conidia uptake by intraepithelial APCs occurred in the case of
preexisting sensitization to the allergen (6) but was not very
frequent. It is also known that a layer of hydrophobic rodlet
proteins that cover the dormant conidia make them inert, and
degradation of these layers upon conidia germination is necessary
for recognition and killing by macrophages and DCs (25, 26). In
the present study, to exclude excessive immune system activation,
we used paraformaldehyde-fixed conidia that mimicked the
dormant state of spores. Consequently, the ingestion activity of
mononuclear phagocytic cells could be diminished. Accordingly,
we found that a single-dose application of fixed A. fumigatus
conidia did not lead to conidia uptake by conducting airway IE-
DCs, but such interaction could occur in cases of a sensitized host
and/or growing pathogens.

Although no IE-DC-conidia interactions were observed,
we showed multiple contacts between IE-DCs and CDI11b*
phagocytes in the conducting airway walls upon inflammatory
response development and progression. We suggest that such
interactions help to sustain the airway epithelial tissue integrity
and prevent the damage that could occur due to massive
neutrophil infiltration. Infiltrated tissue neutrophils were shown
to form swarming clusters that could grow substantially due
to neutrophil death and promote new neutrophil recruitment
and subsequent inflammation progression (28, 36). However,
the decrease in neutrophil number that we demonstrated at
the late stage of single-dose A. fumigatus conidia inhalation
indicated the absence of the inflammation progression due to
some regulatory mechanisms activation. The involvement of
DNGR-1-expressing cDCls in the regulation of the fungus-
induced neutrophil response was recently shown using a chronic
candidiasis model (11). Upon regulation of lung inflammatory
processes, cDCls have been reported to mainly implement
two biased strategies: apoptotic cell clearance and control of
T cell-mediated responses by presenting or cross-presenting
apoptotic cell antigens (37, 38). The IE-DC-CD11b™ phagocyte
contacts described in the present study may represent instances
of efferocytosis of apoptotic neutrophils. In some contacts (see
an example in Figure 5B), the morphology of the proximate
to CD11b™ phagocyte IE-DC region resemble the phagocytic
cup. Thus, the removal of apoptotic neutrophils from swarming
clusters that we supposedly observed in the present study
evidently inhibited swarm amplification. Due to their low
motility, IE-DCs are unlikely to migrate to the draining lymph
nodes, but they can also be involved in the activation of T
cells in the periphery (8). The production of IL-2 by CD103%
lung DCs was recently shown to play a fundamental role in
the suppression of the Th17/IL-17 proinflammatory response
to A. fumigatus (9). Although in the present study we did
not check the cytokine production, IE-DCs can potentially be

implicated in IL-17 downregulation. As IL-17 also contributes to
neutrophil recruitment (39), such downregulation can suppress
neutrophil infiltration and inflammation resolution, however,
this phenomenon should be investigated in more detail in
the future.

Conducting airway IE-DCs were characterized for the first
time almost 30 years ago as MHCII-bearing cells with the
“classical dendritic cell morphology” that formed the dense
network in the airways (40). Later investigations confirmed that
at steady state, these cells mostly express CD1lc (8). Here,
we show that upon A. fumigatus conidia-induced inflammation
development, some CD11¢~APCs (MHCIITCD11c¢™ cells with
the morphology of IE-DCs) infiltrate the conducting airway wall.
These cells are unlikely to be related to DCs with low surface
expression of CD11c (41) because the usage of CD11c-EYFP
mice in our study indicated the absence of CD11c expression
at the transcript level. As far as significant changes in these cell
numbers and in the numbers of CD11c™ cells in the conducting
airway wall are observed during the late phase of single-dose
conidia-induced inflammation, we can assume their contribution
to the resolution of inflammation. It was demonstrated that
neutrophil depletion induced enhanced CD11bMCD11ct DC
recruitment to the lung (42). Here, we examined the effect
of neutropenia on IE-DCs. In contrast to immunocompetent
mice, no alteration of intraepithelial IE-DC numbers during the
late phase of inflammation was detected in neutropenic mice.
Recently infiltration of CX3CR1" monocytes to the peritoneal
wall in response to the swarming neutrophils (but not in case
of neutrophil depletion) was demonstrated in the inflammatory
responses to sterile tissue damage (43). As airway mucosal IE-
DCs were also characterized as CX3CR17 cells (16), these cells
can also contribute to limit the growth of the neutrophil swarm.
Thus, the observation that in the absence of neutrophils, there
was no conducting airway wall IE-DC number elevation provides
evidence of the contribution of these cells to neutrophil swarming
prevention and dead neutrophil elimination (43, 44). In addition,
the difference in the kinetics of conducting airway wall IE-DCs
between immunocompetent and neutropenic mice, which we
found here, contributes to the understanding of the susceptibility
of immunocompromised patients to fungal infection.

In summary, based on a detailed analysis of the spatiotemporal
aspects of the local airborne pathogen-induced innate
immune response, we observed that resident conducting
airway IE-DCs are unlikely to directly contact pathogens
but interact with phagocytes, invading the tissues in close
proximity to pathogens. In response to aspirated airborne
pathogens, phagocytes migrate from the submucosa to the
luminal side of conducting airway epithelium. Entering the
conducting airway wall phagocytes encounter resident IE-
DCs (Figure 6). Since their discovery, IE-DCs have been
named as “gatekeepers” or “sentinels” that monitor the
environment and sense incoming antigens (45, 46). Here, we
provide an anatomical basis for the contribution of IE-DCs
to controlling the intrinsic danger of excessive phagocyte-
mediated immune responses. Our findings reflect the interplay
between antifungal and homeostatic immunity at the site
of inflammation.
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