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Allergen-Induced CD4™ T Cell Cytokine Production within
Airway Mucosal Dendritic Cell-T Cell Clusters Drives the
Local Recruitment of Myeloid Effector Cells

Tibor Z. Veres,*’* Tamas Kopcsanyi,* Nicholas van Panhuys,“t Michael Y. Gerner,

.;.

Zhiduo Liu,” Pia Rantakari,* Johannes Dunkel,* Masayuki Miyasaka,""§

Marko Salmi,*¥ Sirpa Jalkanen,*¥ and Ronald N. Germain

+

Allergic asthma develops in the mucosal tissue of small bronchi. At these sites, local cytokine production by Th2/Th17 cells is
believed to be critical for the development of tissue eosinophilia/neutrophilia. Using the mouse trachea as a relevant model of
human small airways, we performed advanced in vivo dynamic and in situ static imaging to visualize individual cytokine-
producing T cells in the airway mucosa and to define their immediate cellular environment. Upon allergen sensitization, newly
recruited CD4" T cells formed discrete Ag-driven clusters with dendritic cells (DCs). Within T cell-DC clusters, a small
fraction of CD4" T cells produced IL-13 or IL-17 following prolonged Ag-specific interactions with DCs. As a result of local
Th2 cytokine signaling, eosinophils were recruited into these clusters. Neutrophils also infiltrated these clusters in a T cell-
dependent manner, but their mucosal distribution was more diffuse. Our findings reveal the focal nature of allergen-driven
responses in the airways and define multiple steps with potential for interference with the progression of asthmatic pathology.

The Journal of Immunology, 2017, 198: 000-000.

llergic asthma primarily affects the mucosal tissue layers
of conducting airways. The morphological and functional
changes leading to pathological broncho-obstruction in
asthmatics occur in a well-defined microanatomical compartment
of small-diameter bronchi. Classically, cytokine production (e.g.,
IL-4, IL-5, and IL-13) by effector Th2 cells was considered to be
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primarily responsible for the pathological changes in asthma, such
as airway hyperreactivity, airway remodeling, and increased mucus
production, as well as the infiltration of the airway mucosa with
eosinophils, basophils, and mast cells. However, recent studies also
suggest the involvement of type 2 innate lymphoid cells (ILC2s) as a
source of effector cytokines (1, 2). Additionally, some severe forms of
asthma are dominated by a Th17-type response with IL-17—producing
CD4" T cells, whose activation in the tissue leads to neutrophilia (3).
Indeed, it is becoming increasingly clear that, especially in chronic
inflammation, several Th cell subsets (Thl, Th2, Th17, T follicular
helper, and regulatory T cells) simultaneously participate in the in-
flammatory allergic response (4, 5).

Although the key cellular players and mediators of asthma are well
defined (6, 7), we have only limited knowledge about the micro-
anatomical organization of the various mediator-producing cells and
the specific cellular targets of each mediator within the airway
mucosal compartment. This is mainly due to technical difficulties in
accessing the airway mucosa of mice for microscopic studies, as
well as visualizing signaling molecules in histological samples. It is
also difficult to analyze inflammation in the airway mucosa sepa-
rately from the lung parenchyma; commonly measured immuno-
logical parameters (e.g., inflammatory cells and cytokines in the
bronchoalveolar lavage fluid) reflect changes at the level of the whole
bronchoalveolar space that might not be representative of the bron-
chial mucosa. Furthermore, there is a pronounced difference between
the mouse and human intrapulmonary airways: in contrast to human
bronchi, mouse intrapulmonary airways have no cartilage and lack
several layers of the mucosa that are present in humans. Moreover,
mice do not have bronchial arteries, and their blood supply relies on
the pulmonary circulation (8, 9).

Overcoming these problems would allow us to better understand
how each cell type finds its “designated” microanatomical position
in the airway wall and how specific interactions among different
cell types (e.g., dendritic cells [DCs] and effector CD4" T cells) result
in cellular activation, mediator production, and local inflammatory
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cell (e.g., eosinophil) recruitment. Such information would also
provide a markedly improved understanding of the cellular and
molecular events underlying asthma pathogenesis.

Insight into the spatiotemporal aspects of immune effector function
in a tissue context has been gained by the use of dynamic multiphoton
intravital microscopy (MP-IVM) (10), multiplex immunohistochemistry
(11, 12), and their combinations with functional read-outs (13-16). For
example, such analyses in infected liver and Ag-challenged ear skin
showed that, during Thl-type responses, effector cytokine produc-
tion by CD4" cells depends on specific Ag recognition and TCR
signaling that results in T cell migration arrest and localized cyto-
kine production (14, 17-19). In the context of asthma, the respective
question is whether such a tight spatiotemporal control of T cell
cytokine production by local Ag presentation also applies to Th2-
or Th17-type responses of the airway mucosa.

In this study, we developed a new approach to address the role of
effector CD4" T cells in organizing the allergic response of the air-
way mucosa. We combined in situ cytokine staining and confocal
microscopy with intravital microscopy to accurately localize
cytokine-producing CD4* T cells and then studied the dynamics of
their interaction with airway mucosal DCs. Furthermore, we exam-
ined the local consequences of effector cytokine production, ulti-
mately leading to tissue eosinophilia and neutrophilia. An important
feature of our approach was imaging the mouse trachea because its
structure and cellular composition more closely resemble human
small airways involved in asthma than do mouse small airways (20).
Our detailed spatiotemporal analyses reveal that, upon allergen
challenge, there is a very localized low-frequency activation of
Ag-specific T cells to cytokine production in DC-T cell clusters and
subsequent focal recruitment of myeloid effectors, such as eosino-
phils, to these focal sites of T cell activation. These findings suggest
that the inflammation driving asthmatic remodeling may occur in an
episodic manner in restricted locations that, over time, comes to in-
volve larger tissue areas, with possible therapeutic implications.

Materials and Methods
Mice

C57BL/6J, CAG-ECFP, CAG-DsRed, and TCRa ™~ mice were purchased
from the Jackson Laboratory. OT-II Rag-1~'" mice were purchased from
Taconic. CD11c-EYFP mice were a kind gift from Dr. Michel C. Nussenzweig
(The Rockefeller University) (21), NJ.1638 mice were obtained from the
laboratories of Drs. Nancy and Jamie Lee (Mayo Clinic) (22), and IL-13
DsRed mice were kindly provided by Dr. William Paul (National Institute
of Allergy and Infectious Diseases, National Institutes of Health) (23). Male
and female mice were used at 6-12 wk of age; mice in different experimental
groups were matched for age and sex. Animals were maintained at the Central
Animal Laboratory of the University of Turku or at an Association for As-
sessment and Accreditation of Laboratory Animal Care—accredited animal
facility at the National Institute of Allergy and Infectious Diseases. All animal
procedures were approved by the Ethical Committee for Animal Experi-
mentation in Finland and/or the Animal Care and Use Committee, National
Institute of Allergy and Infectious Diseases, National Institutes of Health.
They were done in adherence with the rules and regulations of the Finnish Act
on Animal Experimentation (62/2006) and were performed according to 3R
principles (animal license number 5588/04.10.07/2014).

Allergen sensitization and challenge

For sensitization, mice were treated with 100 pg (dry weight) of house dust
mite (HDM; Dermatophagoides pteronyssinus; Greer Labs) and 1 g of
cholera toxin (CT; Sigma-Aldrich) in a volume of 20 .l via the oropharyngeal
(o.ph.) route under isoflurane anesthesia (HDM/CT-model). In contrast to the
commonly used volume of 50 l, this smaller volume ensured that only a
small amount reaches the lungs, whereas the rest is evenly distributed along
the tracheal wall/mainstem bronchi. In some experiments, mice were chal-
lenged with 100 wg of HDM o.ph. 1 wk later. Alternatively, mice were
sensitized with 100 pg of HDM on day 0 and challenged o.ph. between days
7 and 11 with 10 g of HDM daily, all in a volume of 20 pl, as described
earlier (24) (repetitive HDM-model). Mice were analyzed on day 14.

IMAGING EFFECTOR T CELLS IN THE AIRWAY MUCOSA

Cell isolation and adoptive-transfer experiments

For the generation of polyclonal HDM-primed T cells, CAG-ECFP or CAG-
DsRed mice were sensitized o.ph. on day 0 with HDM/CT. On day 6, the
lung-draining bronchial lymph nodes were harvested, and CD4" T cells
were immunomagnetically isolated using negative selection (CD4* T Cell
Isolation Kit, mouse; Miltenyi Biotec). Typically, the purity of isolated
cells was >97%. After washing twice with PBS, cells were injected i.v.
into the tail vein of recipient mice. For the generation of OT-II effector
cells, OT-II Rag-1"’" mice were sensitized o.ph. with HDM/CT also
containing 100 pg of Endograde OVA (Hyglos) in a volume of 30 wpl. On
day 6, a single-cell suspension of tracheas and lungs was prepared, and
leukocytes were enriched by density gradient centrifugation with Lym-
pholyte M (CEDARLANE). CD4"* T cells were isolated via positive se-
lection using CD4 (L3T4) MicroBeads (Miltenyi Biotec), yielding a purity
of CD4" effector T cells typically >95%. T cells were subsequently la-
beled with 0.5 wM CellTracker Deep Red Dye (Life Technologies) in
HBSS at 37°C for 10 min. Labeled cells were washed twice with complete
RPMI and twice with PBS. Finally, 1-2 X 107 cells were injected i.v. into
the tail vein of recipient mice 12—16 h before in vivo imaging.

Eosinophils were immunomagnetically isolated from the spleens of
NJ.1638 mice via negative selection. After incubation with CD90.2 and
CD45R/B220 MicroBeads, splenocytes were passed through a CS column
(all from Miltenyi Biotec), resulting in Siglec-F* SSC™&" cells with a
typical purity > 90%. Eosinophils were labeled with 1 wM CellTracker
Deep Red (or 2 puM TAMRA), and 2-5 X 107 cells were injected via a tail
vein catheter just before imaging.

Tissue collection and flow cytometry

Mice were injected i.p. with an overdose of pentobarbital sodium; once
under deep anesthesia, 15 pug of CD45-allophycocyanin-Cy7 Ab (30-F11;
BD Biosciences) was injected i.v. into the retro-orbital plexus to label
intravascular leukocytes. Single-cell suspensions of tracheas and lung were
prepared using Liberase TM, DNase I, Collagenase XI, and hyaluronidase,
as adapted from a previous protocol (25). The tissue digest was passed
through a 100-pm cell strainer and washed twice with FACS buffer (PBS,
2% FCS, 0.01% NaN3). Samples were blocked in the presence of anti-
CD16/32 (clone 2.4 G2) for 10 min, followed by labeling for 20 min with
various conjugates of the following Abs: CD3 (17A2, 1:100), CD4 (RM4-
5, 1:400), CD11c (HL3, 1:200), CD44 (IM7, 1:200), CD127 (SB/199,
1:100), KLRG-1 (2F1, 1:100), Ly-6G (1A8, 1:200), Siglec-F (E50-2440,
1:200), TCR-B (H57-597, 1:200), and TCR +y:8 (GL3, 1:200) (all from BD
Biosciences or BioLegend). Lineage mixture contained CD3 (17A2,
1:100), CD5 (53-7.3, 1:400), CD8 (53-6.7, 1:200), CD11b (M1/70, 1:200),
CDl11c (HL3, 1:200), CD19 (1D3, 1:200), B220 (RA3-6B2, 1:200), NK1.1
(PK136, 1:100), TER-119 (1:200), and Gr-1 (RB6-8C5, 1:200) (all from
BD Biosciences, eBioscience, or BioLegend). PE-labeled CD1d Dex-
tramer was obtained from IMMUDEX. Just before analysis, a viability dye
(7-aminoactinomycin D, 1:40; eBioscience) was added to each sample.
Samples were analyzed using a BD Fortessa flow cytometer running
FACSDiva 8.0.1, which was also used for data analysis. Dead cells and
intravascular leukocytes were excluded from the final analysis.

Analysis of intracellular cytokines by flow cytometry

Direct ex vivo analysis of cytokines was performed as described previously
(18). In vitro stimulation with Ag or PMA/ionomycin (P/I) was done using
a published protocol (26). After staining for surface Ags, samples were
washed twice with FACS buffer and fixed with 4% paraformaldehyde for
20 min at 4°C. After two wash steps with FACS buffer, intracellular cy-
tokine staining with Abs against IL-13 (eBiol3A, 1:50; eBioscience) and
IL-17A (TC11-18H10, 1:50; BD Biosciences) or respective isotype con-
trols was done using BD Perm/Wash buffer, according to the manufac-
turer’s instructions.

Tissue fixation and immunofluorescent staining

For the collection of tracheas, mice were injected i.p. with an overdose of
pentobarbital sodium; once under deep anesthesia, they were perfused with
10 ml of ice-cold periodate-lysine-paraformaldehyde (PLP) buffer. In other
mice, lungs were inflated with PLP buffer via a tracheal cannula, and lung
tissues were collected. Tracheas were tethered to a small piece of silicone
(SYLGARD; Dow Corning) with two insect pins and fixed overnight in PLP
buffer. Thereafter, tracheas were washed and cut open on the ventral side
while still pinned to SYLGARD.

‘Whole-mount immunostaining and mounting for microscopy were performed
as described earlier (27). Tracheas (or lungs) for frozen-section immunostaining
were immersed in 30% sucrose in phosphate buffer overnight before snap-
freezing in OCT (Tissue-Tek; Sakura). Sections (20 pwm thick) were air-dried

9T0Z ‘2T Jequiada uo ARrlgi A1seAiun [oodieAl Te /610" jounwiw i mmmy//:dny wodj papeo jumod


http://www.jimmunol.org/

The Journal of Immunology

and fixed with ice-cold acetone for 10 min. Immunostaining was performed
using Shandon Sequenza immunostaining racks and coverplates (Thermo
Fisher). Sections were blocked with 5% mouse serum (before primary Abs) or
5% donkey serum (before secondary Abs) in PBS/0.3% Triton-X-100 (blocking
buffer) for 15 min, followed by incubation with directly conjugated or primary/
secondary Abs (diluted in blocking buffer), each for 1 h at room temperature.
Washes were performed using PBS/Triton X-100.

For indirect immunostaining, primary Abs used included chicken anti-
GFP (polyclonal, 1:500; Abcam), rabbit anti-RFP (polyclonal, 1:200;
Rockland), rabbit anti-phospho-STAT6 (pTyr641) (polyclonal, 1:200;
Sigma-Aldrich), and rat anti-MHC class II (M5/114.15.2; BD Pharmin-
gen). Secondary Abs were species-selective F(ab'), fragments raised in
donkey and conjugated with Alexa Fluor 488, tetramethylrhodamine, or
Alexa Fluor 647 (all from Jackson ImmunoResearch). For in situ cytokine
staining, Alexa Fluor 488 conjugates of Abs for IL-13 or IL-17A (the same
as those used for flow cytometry) were used as primary Abs at 1:50 di-
lution. These were followed by rabbit anti-Alexa Fluor 488 (polyclonal,
1:400; Life Technologies) as a second-step label. In the third step, samples
were labeled with a donkey anti-rabbit Alexa Fluor 488 F(ab'), fragment.

Confocal microscopy, data visualization, and image processing

Multichannel XYZ image acquisition was performed on a Zeiss LSM 780
confocal microscope using 20X (air) and 40X (water immersion) objec-
tives. Z-projections or combined XY, XZ, and YZ representations were
prepared using Imaris 8.1.2 (Bitplane). Confocal data involving p-STAT6
immunostains were processed as shown in Supplemental Fig. 1.

Intravital two-photon microscopy and motility analysis

Mice were anesthetized with an i.p injection of 75 mg/kg ketamine and 1 mg/kg
medetomidine. After shaving the ventral neck area, a 30G cannula, connected to
a piece of PE 10 polyethylene tubing (Becton Dickinson), was inserted into the
tail vein for the i.v. administration of reagents during imaging. Mice were placed
on a custom-built microscope stage in a supine position (Supplemental Fig. 2A).
The head was immobilized via slight pulling of the front teeth with an ad-
justable device. The trachea was surgically exposed, and a custom-modified
steel intubation cannula (Harvard Apparatus) was inserted orotracheally (with
the exception of the experiment shown in Supplemental Video 2, which was
performed without intubation). The cannula was secured in the trachea with an
adjustable holding device. Finally, the exposed area was sealed with a custom-
made imaging window (Supplemental Fig. 2B, 2C). This window was care-
fully positioned using a UM-3C coarse manipulator (Narishige) so that the
coverslip mounted on it would touch the trachea, allowing the observation of
two or three cartilage-free areas. A ring of vacuum grease was used to seal the
gap between the skin and window. Importantly, in vivo imaging was performed
on spontaneously breathing mice, and the tracheal wall was mechanically
stabilized for imaging by holding it between the intubation cannula and the
coverslip of the imaging window. Just before microscopic analysis, a drop of
Immersol W immersion medium (Carl Zeiss) was applied on the window.
Multidimensional (XYZT) images were acquired using a Leica TCS SP5
MP two-photon microscope equipped with a Chameleon Vision II and a
Chameleon Ultra II femtosecond laser (Coherent), using excitation at 865 nm
(for ECFP and CellTracker Deep Red) and 920 nm (for EYFP and tdTomato).
An HCX IRAPO L 25X/0.95 W objective with WD = 2.5 mm was used to
bridge the >2-mm difference in height between the skin surface and the
tracheal wall. For the simultaneous detection of ECFP, EYFP, DsRed/
tdTomato, and CellTracker Deep Red, 483/32, 535/30, 585/40, and 650/50
band-pass filters were used. Image processing for visualization (axial pro-
jections) and quantitative analysis were done using Imaris 8.1.2. Quantitation
of cell motility was done using automated spot detection and track analysis;
the result of the automated detection was verified manually and corrected.
Arrest coefficient was defined as the fraction of time points in which in-
stantaneous velocity was <2 pm/min, as described earlier (18). Exported
movies were annotated with text and drawing elements using ImageJ Fiji.

Statistical analysis

Prism 6 (GraphPad Software) was used for the visualization and statistical
analysis of quantitative data. The statistical significance of differences be-
tween the mean values of two groups was determined using the Mann—
Whitney U test.

Results

The mouse trachea as a more relevant model to study allergic
immune responses of the airway mucosa

It was reported earlier that, unlike the mouse intrapulmonary
airways, the mouse trachea shares microanatomical and physi-

ological similarities with human small bronchi, the anatomical
sites primarily affected by asthma (28). Although the trachea of
mice is clearly very different from human small peripheral
airways [e.g., the mouse trachea has cartilage rings (Fig. 1A),
whereas human bronchi have cartilage plates/islands], there
are several similarities, such as a comparable internal diameter
(~1.2 mm), a complex pseudostratified epithelium (Fig. 1B, 1C)
with basal cells, submucosal glands (both of which are lacking
in mouse bronchi), and real arterial circulation (9, 20, 28). The
trachea was used earlier to visualize DC and mast cell dynamics
in response to allergen challenge ex vivo (29), and it was
demonstrated that this is also achievable in vivo (30). Therefore,
we established a combined histological and intravital micro-
scopic approach to study immune responses at this anatomical
site. Using MP-IVM, we typically observed the anterior wall
between two cartilage rings (Fig. 1A, 1D-F, Supplemental
Video 1), allowing us to visualize, in living anesthetized mice,
such events as the dynamic probing movement of DCs within
and beneath the epithelium (Supplemental Video 2), as well as
blood flow in mucosal postcapillary venules (Supplemental
Video 3).

With this imaging capacity in hand, we searched for an ap-
propriate model of airway mucosal inflammation in which expo-
sure to a clinically relevant allergen would produce a similar type of
cellular infiltrate in the tracheal mucosa as is observed in humans
(i.e., one dominated by CD4" T cells and eosinophils/neutrophils).
HDM has been an increasingly well-characterized model allergen
because of its clinical relevance and the properties that it shares
with several other environmental allergens, such as protease ac-
tivity (31), agonist activity for pattern recognition receptors (32),
and an ability to provoke a positive skin-prick test in asthmatics
(33). In prior studies using HDM as a model allergen, multiple
exposures were necessary to produce an allergic phenotype (5,
24); however, repetitive exposures blur the line between primary
sensitization and challenge (34). Although such models can be
used to induce an asthma-like inflammatory response, they do not
allow study of the temporal sequence of cellular recruitment and
activation as it occurs after single allergen encounter. To overcome
this problem, we developed a system that is based on the single-
bolus administration of HDM in combination with the mucosal
adjuvant CT, which was used in earlier studies to induce an airway
mucosal Th2-type response (35). This approach allowed us to
perform a kinetic study on cellular recruitment to the trachea and
select optimal time points for imaging analysis. Sensitization of
C57BL/6 mice with HDM/CT via the o.ph. route induced a tra-
cheal (and lung) T cell response that developed from day 4
postsensitization and was followed by an eosinophil response
(Fig. 2A). By day 8, we observed tracheal mucosal T cell clusters,
infiltrated with eosinophils (Fig. 2B). A careful analysis of tra-
cheas (and lungs) showed that CD4" cells dominated the CD3™"
T cell response (Fig. 2C, 2D), without the presence of CD8" cells.
However, a few yd T cells and some NKT cells were present in the
CD3*CD4 ™ population (data not shown). We also observed that
the eosinophilia (Fig. 2E, 2F) coemerged with a DC and neutro-
phil response (Fig. 2E, 2G, 2H). The key components of the tra-
cheal and lung response at day 8 postsensitization with HDM/CT
(e.g., the recruitment and coclustering of DCs, CD4" T cells, and
eosinophils) were similar to the response that developed in a more
standard, adjuvant-free model after repetitive HDM administra-
tion, although neutrophilia did not develop in that standard model
(Supplemental Fig. 3A-F). However, in contrast to the standard
model, the new model also enabled us to capture the early phases
of discrete inflammatory cluster formation in the tracheal mucosa,
which was necessary for establishing the setup shown below.
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FIGURE 1. The mouse trachea as a model to
study immune responses of the airway mucosa. (A)
Stereomicroscopic image of an explanted trachea.
The box indicates a region between cartilage rings
typically accessed by intravital microscopy. Scale
bar, 200 wm. (B and C) Confocal microscopic im-
ages of a tracheal cross-section of a CAG-DsRed X
CD11c-EYFP mouse showing the epithelium (out-
lined arrow) and underlying DCs (white arrows).
Nuclei are visualized by TO-PRO-3 staining. Scale
bars, 100 pm. (D-F) Two-photon microscopic
Z-stack. Epithelial (E) and subepithelial (F) tissue.
Cross-sectional views (lower panels). Regions be-
tween the dashed lines are shown as Z-projections
(upper panels). Scale bars, 100 pm. (D) Enlarge-
ment of the boxed region shown in (E). Arrows
indicate epithelial DCs. Tracheas from two mice
were used in a single experiment. Scale bar, 40 pwm.

Visualization of effector CD4* T cell cytokine responses

Classically, the asthmatic response is dominated by Th2-type CD4™"
cells and tissue eosinophilia. However, recent evidence suggests
that more severe, corticosteroid-resistant forms of asthma are as-
sociated with a Th17 response and neutrophils (3). Our model
system had components of both disease types: we observed a
mixed eosinophil/neutrophil response in the mouse airways, and
the effector CD4™ T cells in the tracheal mucosa showed a mixed
Th2/Th17 phenotype, as indicated by a prominent IL-13 or IL-17
response of these cells upon in vitro restimulation (Fig. 3A).
Compared with the standard, adjuvant-free model, we found a
similar IL-13 response but an increased IL-17 response, together
with lower IFN-y production (Supplemental Fig. 3G). Although
both models showed a mixed Th1/Th2/Th17 response, HDM/CT
sensitization resulted in a decreased Thl component and an in-
creased Th17 component, possibly due to the effect of CT (36).
This increased Th17 response was presumably responsible for the
development of neutrophilia, which allowed us to compare the
mucosal positioning of neutrophils and eosinophils during cluster
formation (see below). Although a Thl response was present in
both models, previous research suggested a key role for Th2 and
Th17 cells in asthma; therefore, we focused on IL-13 and IL-17 to
localize individual cytokine-producing CD4" T cells in tissue.
Initially, we visualized cytokine-producing cells using frozen
tracheal and lung sections from HDM/CT-sensitized and HDM-
challenged mice. A secondary allergen challenge was performed to
ensure that Ag is abundantly available at the time of analysis. Staining
for IL-17 and IL-13 revealed several clearly identifiable T cells in the
subepithelial lamina propria of the trachea, with the presence of these
cytokines within delimited cytoplasmic structures (Fig. 3B). In the
lungs, we found such prominent cytokine-positive cells in the peri-
bronchial areas, as well as in the lung parenchyma (data not shown).
Next, we performed a detailed phenotypic analysis of in situ
cytokine-producing cells. It was reported that, in an HDM-induced
pulmonary response, ILC2s significantly contribute to Th2 cyto-
kine production (37). Because ILCs appear as CD3 cytokine™
cells, we first measured the frequency of such cells among IL-13*
or IL-17" cells in tissue sections. The vast majority of cytokine-
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positive cells were CD3"; the frequency of non-T cell cytokine
producers ranged between 0 and 2% in the trachea and lung (Table I).
We also performed a more detailed flow cytometric analysis to
compare the overall numbers and intracellular cytokine levels of
CD4" T cells and ILC2s in the trachea and lung (Supplemental Fig.
4A-D). Our findings suggest that, in this experimental model, the
major producers of IL-13 and IL-17 are CD3* T cells, whereas the
in vivo contribution of ILCs to cytokine production is quite limited.
Although conventional CD4* T cells are the most likely cytokine
producers within the CD3" population, earlier reports also suggest an
important role for IL-13—producing NKT cells (38) and IL-17-
producing yd T cells (39) during the asthmatic response. We found
that the frequency of NKT cells and y3 T cells was very low compared
with conventional CD4* T cells (data not shown), and the con-
tribution of CD1d-restricted invariant NKT cells to the IL-13 response
was minimal (Supplemental Fig. 4E-G). A detailed analysis of
prominent IL-13" and IL-17" cells in tracheal sections confirmed
that these cells were primarily conventional CD4* a8 T cells (Sup-
plemental Fig. 4H, 4I). We verified this finding using the adjuvant-free
repetitive HDM model. Although we could not visualize IL-17" cells
in that model, the vast majority of IL-13" cells were CD3*CD4"
conventional T cells (Supplemental Fig. 3H).

It is important to note that the frequency of cytokine-positive cells
among all T cells was very low (typically 1-2%) in the trachea and
lung. These numbers are clearly below the values commonly mea-
sured when T cell IL-13 and IL-17 responses are studied using
in vitro restimulation (typically between 10 and 30%) (40, 41). They
suggest that, during an airway mucosal effector CD4" T cell re-
sponse to inhaled allergen, only a few percentage of all effector cells
produce cytokines at a given time. This same phenomenon was
reported in liver and lung mycobacterial infection models (18, 42).
To address this issue in more detail, we performed flow cytometric
analysis of tracheal T cell effector cytokine production (Fig. 3C-F).
Direct ex vivo analysis at day 8 after initial HDM/CT sensitization
confirmed the low in vivo frequency of cytokine-producing cells in
the trachea and lung. In response to a secondary in vivo HDM
challenge, as well as after in vitro restimulation with HDM, we
measured an ~3-fold increase in the frequency of IL-17" cells,
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FIGURE 2. Induction of a tracheal mucosal inflammatory response to HDM allergen. (A) Percentages of T cells (blue) and eosinophils (red) from

tracheal and lung tissue digests on days 2—12 following a single o.ph. treatment of C57BL/6 mice with HDM/CT. Gated on live extravascular cells. Lung
eosinophils were distinguished from alveolar macrophages based on their low autofluorescence in the green (Alexa Fluor 488 [AF 488]) channel. (B)
Confocal images showing T cell clusters and associated eosinophils in a tracheal whole-mount at day 9 after HDM/CT. Boxed region in left panel (scale bar,
200 wm) is enlarged in right panel (scale bar, 20 pwm). (C, E, and G) Comparison of lung and tracheal tissue digests from HDM/CT- and PBS-treated mice.
Gates indicate the CD4" T cell response at day 8 (C), the eosinophil and DC response at day 10 (E), and the neutrophil response at day 8 (G). Numbers are
the percentages from the total live extravascular population. (D, F, and H) Analysis of the tracheal inflammatory response developing between days 6 and
10. Total numbers of CD4™ T cells (D), eosinophils (F), and neutrophils (H) per trachea were determined using the gates shown in (C), (E) and (G). Graphs
show mean = SEM. Two or three mice per time point (in a single experiment) were analyzed.

whereas the increase in IL-13" cells was less pronounced. However,
all of these values were clearly below those measured after a maxi-
mal stimulus, represented by P/I restimulation. Altogether, these data
suggest that, in our model, the allergic response to HDM is mainly
driven by conventional CD4" T cells, with only a small fraction of
them being activated to produce cytokines at any given time.

Cytokine-producing CD4™ T cells form conjugates with APCs
in the airway mucosa

Previous studies on Thl effector CD4* responses in the liver and
ear skin using a TCR-transgenic system suggest that cytokine
production by CD4" cells depends on prolonged interaction with
APCs (18, 19). Therefore, we asked whether the production of
IL-17 and IL-13 by endogenous polyclonal effector T cells in the
tracheal mucosa also depends on local Ag presentation. Whole-
mount immunostains for IL-17 enabled us to carefully localize
IL-17—-producing T cells within T cell clusters within the tracheal
mucosa (Fig. 4A). In contrast, IL-13 staining only worked well on

thick frozen sections; therefore, we could only study the local
environment of individual cells, without a proper view of the
larger tissue context.

During an HDM/CT-induced tracheal mucosal response, CD3*
T cell clusters appeared together with APC clusters. Within these
cellular clusters, a few IL-17* T cells were localized in the imme-
diate proximity of MHC-II* cells (Fig. 4A, 4B). Similarly, IL-13"
T cells appeared in close contact with MHC-II" structures, as seen
on tracheal cross-sections (Fig. 4C, 4D), an observation that we
confirmed in the adjuvant-free repetitive HDM model (Supplemental
Fig. 31, 3J). Quantitatively, we found that the vast majority of IL-17*
and IL-13* T cells were in direct contact with MHC-II* cells (Fig.
4E, 4F). However, we also identified a small number of cytokine-
producing cells outside of APC clusters, clearly without contact with
MHC-II* cells (data not shown). These results suggest that direct
cell—ell contact with local MHC class II-bearing cells of the airway
mucosa is largely responsible for the elicitation of effector cytokine
production by Th2 and Th17 cells.
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FIGURE 3. Visualization of effector cytokine production by CD4* T cells in the trachea. (A) C57BL/6 mice were treated with HDM/CT o.ph. Eight days later,
effector cytokine production by CD4* T cells from digested tracheas was analyzed after restimulation with PI or treatment with brefeldin A (BFA) only. Numbers
indicate percentages. (B) C57BL/6 mice were treated with HDM/CT o.ph. on day 0 and received an HDM challenge (o0.ph.) on day 7. Tracheas were analyzed on
day 9. Confocal microscopic analysis of cytokine-producing cells in frozen tracheal sections. Boxed regions in left panels (scale bars, 50 pm) are enlarged to show
individual cytokine-positive cells (scale bars, 20 wm). Asterisk denotes the tracheal lumen. Data are representative of at least two independent experiments.
Analysis of T cell cytokine production directly after tissue digest (C) or after in vitro restimulation (D). Three tracheas were pooled for each measurement;
numbers indicate percentages (isotype control versus specific anti-cytokine staining was done using the same digest). Plots were gated on extravascular CD4*
CD44" cells. Quantitative representation of T cell cytokine production measured directly ex vivo 12 h after HDM challenge (E) or after in vitro restimulation (F).
Data were pooled from two independent experiments and each dot indicates a single measurement. n = 5 measurements in (E). n = 4 measurements in (F). Three
tracheas were pooled and used for each measurement. *p < 0.05, **p < 0.01, Mann—Whitney U test. n.s., not significant.

CD11b* DCs represent the major DC population serving as
APCs to induce local effector cytokine production in airway
mucosal CD4™ T cells

Like in most nonlymphoid organs, myeloid conventional DCs
(cDCs) of the airway mucosa belong to one of the two major DC
subtypes: CD11b"CD103™ DCs or CD11b~ CD103* DCs (referred

to as CD11b" and CD11b~ ¢DCs, respectively) (43). In HDM-
induced allergic responses, large numbers of CD11b* monocyte-
derived DCs are recruited to the airways (44). Previous work
revealed that CD11b" ¢DCs and monocyte-derived DCs are pri-
marily involved in the initiation and maintenance, respectively, of
Th2 immunity to HDM allergen (44). Therefore, we tried to determine

Table I.  Quantitative analysis of CD3* and CD3™ cytokine-producing cells in tracheal and lung tissue sections

IL-13* Cells (of total CD3* T cells)

IL-17* Cells (of total CD3* T cells)

No. of CD3™ Cells/Total No. of CD3™ Cells/Total

n =3 mice (%; mean = SEM) (%; mean = SEM) IL-13* Cells (%) IL-17% Cells (%)
Trachea 1.59 = 0.11 1.06 = 0.24 1/53 (1.89) 0/48 (0)
Lung 0.98 = 0.30 1.93 = 0.51 4/285 (1.4) 8/565 (1.42)

C57BL/6 mice were treated with HDM/CT (o.ph.) on day 0 and received an HDM challenge (0.ph.) on day 7. Tracheas and lungs were analyzed on day 9. IL-17* or IL-13*
cells were identified manually, and costaining for CD3 was determined. Tissue samples from three mice were analyzed.
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FIGURE 4. Cytokine-producing T cells are en-
gaged in contact with APCs. C57BL/6 mice were
treated with HDM/CT on day O and rechallenged
with HDM on day 7. On day 9, perfusion-fixed
tracheas were collected for confocal microscopic
analysis. (A and B) Effector T cell-DC cluster in a
tracheal whole mount. Boxed regions in (A) (upper
panels; scale bars, 50 wm) are enlarged (lower
panels; scale bars, 10 wm) and displayed as XY,
XZ, and YZ representations (B) to show an IL-17" T
cell in direct contact with an APC (arrows). (C and
D) Effector T cell-DC cluster in a frozen cross-
section of the tracheal mucosa. Boxed region in (C)
(left panel; scale bar, 50 wm) is shown as separate
channels (right panels; scale bars, 10 wm) and
displayed as XY, XZ, and YZ representations (D) to
indicate an IL-13* T cell in direct contact with an
APC (arrows). Single slices are shown in (B) and
(D); the position of slices is indicated by tick marks.
(E and F) Quantitative analysis showing the percentage
of cytokine-positive versus cytokine-negative cells in
contact with an APC. Between 74 and 104 cytokine-
positive or randomly selected cytokine-negative tra-
cheal T cells were analyzed. n = 7-8 mice (E). n =6
mice (F). Results of a single experiment are shown.
*p < 0.05, #**p < 0.001, Mann—Whitney U test.

which DC subtypes are involved in local Ag presentation (de-
fined as direct contact with cytokine-positive T cells). Although
we were unable to differentiate histologically between CDI1b*
¢DCs and CD11b* monocyte-derived DCs, we could clearly separate
CD11b* DCs from CD103* DCs by whole-mount immunostaining
for CD11b in CD11c-EYFP mice. We observed that, within large
subepithelial DC clusters that are formed during the inflammatory
response, the majority of CD11c-EYFP* DCs costained for CD11b.
Cytokine-producing T cells were interlaced within clusters of
amoeboid DCs possessing a few dendritic extensions, in direct
contact with CD11b" CD11¢c-EYFP* cells (Fig. 5A, 5B). However,
mainly within the epithelium, we also observed individual CD11b
(and presumably CD103*) CD11¢c-EYFP* DCs with a dendritic
morphology in contact with cytokine-positive T cells (Fig. 5C, 5D).
Quantitatively, we found that the majority of IL-17* and IL-13*
T cells formed contacts with CD11b" DCs (Fig. 5E). However, this
probably reflects the increased frequency of this DC subtype in the
inflamed tracheal mucosa (Fig. 5F), rather than their increased
propensity to activate T cells. Therefore, our histological findings are
in accordance with earlier reports suggesting that CD11b* ¢cDCs and
monocyte-derived DCs are the major Ag-presenting DC subtypes in
the airways (44).

Effector CD4* T cells form stable contact with DCs in the
airway mucosa

Given the previously demonstrated link among Ag recognition,
motility, and cytokine production by TCR-transgenic cells during
Th1 responses in the liver and skin (18, 19), we sought to deter-
mine whether prolonged T cell-DC interactions also precede cy-
tokine production in the airway mucosa in the course of a polyclonal
Th2/Th17 response to HDM allergen.

-
o
o

% of T-cells in contact
with MHC-II* cells

% of T-cells in contact
with MHC-II* cells

To visualize the polyclonal effector CD4" T cell response in the
trachea in vivo, we transferred bronchial lymph node polyclonal
CD4" cells from HDM/CT-sensitized ubiquitously DsRed- or
ECFP-expressing mice into CD11c-EYFP Rag-1"'" recipients
(Fig. 6A). Treatment of recipient mice with HDM/CT resulted in
the recruitment of the transferred cells to the tracheal mucosa
(Fig. 6B). At day 7 postsensitization, another HDM challenge
ensured abundant Ag availability. Using MP-IVM 2 d later, we
observed cellular interactions within DC-T cell clusters in real
time (Supplemental Video 4). Within these clusters, DCs formed
stable interactions with the transferred HDM-primed polyclonal
effector T cells (Supplemental Video 5).

Next, we examined whether these stable T cell-DC interactions
form in an Ag-specific manner. To this end, we injected in vivo—
generated OT-II Rag-1~'~ CD4" effector cells i.v. the day before
analysis (Fig. 6A). These cells served as a control population with
known specificity to an irrelevant Ag (OVA). It was reported that
effector T cells enter inflamed tissues, even in the absence of specific
Ag (18). Similar to previous observations in the liver and skin, in-
jected OT-II effector cells were recruited to the inflamed tracheal
mucosa and showed a pattern of random migration (Fig. 6C,
Supplemental Video 6). However, in the absence of OVA, these cells
did not stop on DCs and showed a greater mean velocity, as well as a
smaller arrest coefficient, compared with the polyclonal HDM-
primed population (Fig. 6D). In situ cytokine staining of tracheas
fixed after MP-IVM demonstrated that polyclonal cells, but not
OT-IIs, produced effector cytokines (Fig. 6E). These results suggest
that the stable interactions of polyclonal effector T cells with airway
mucosal DCs and local cytokine production, which were observed
in vivo, are the result of specific Ag recognition and not cytokine-
induced cytokine production by bystander lymphocytes.
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FIGURE 5. CDI11b" and CD11b~ DCs
form contact with cytokine-producing effec-
tor T cells in the tracheal mucosa. CDI11c-
EYFP mice were treated with HDM/CT on
day 0 and rechallenged with HDM on day 7.
On day 9, perfusion-fixed tracheas were
collected for whole-mount immunostaining.
Confocal microscopic analysis of interac-
tions between IL-17* T cells and CD11b*
(A and B) or CD11b™ (C and D) DCs. Scale
bars, 20 pwm. Arrows indicate IL-17* T cells
in contact with DCs. In (C), double arrow
shows a CD11b~ DC, outlined arrows show
a CD11b* DC. Separate channels are shown
in (A) and (C). (B) and (D) show the re-
spective merged images as XY, XZ, and YZ
representations. A range of slices is shown in
(B) and (D), as indicated by tick marks. (E)
Quantitative analysis showing the contribu-
tion of CD11b* and CD11b~ DCs to conju-
gate formation with cytokine-positive T cells
in the tracheal mucosa. A total of 68 IL-17*
T cells in contact with a CD11c-EYFP* DC
in tracheal whole mounts of five mice was
analyzed. A total of 49 IL-13* T cells in
contact with a DC in frozen tracheal sections
of five mice were analyzed. (F) Relative fre-
quency of CD11b~ versus CD11b" DCs in E
the tracheal mucosa. Tracheal whole mounts

of five mice were analyzed. Results of a sin-

gle experiment are shown.
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Th2 cytokine signaling and eosinophil recruitment are
localized to effector CD4* T cell clusters

Because the majority of T cell-DC interactions leading to effector
cytokine production occur within discrete clusters, our data suggest
that such allergic lesions might function as hot spots driving the
allergic response. As a next step, we asked to what extent are the
local effects of Th2 (and Th17) cytokines restricted to these cell
clusters and whether the recruitment of myeloid effector cells (eo-
sinophils and neutrophils) associated with a Th2/Th17 response is
locally restricted to these clusters. To address these issues, we used
the previously described adoptive cell transfer approach (Fig. 6A)
that involves the transfer of polyclonal HDM-primed CD4* T cells
into Raglf/ " mice. In this setting, tracheal (and lung) eosinophilia
was completely dependent on the presence of the HDM-primed
polyclonal T cell population (Supplemental Fig. SA, 5B). Neutro-
philia also greatly depended on T cells; however (at least in the
trachea), neutrophils were present in low numbers, even in the ab-
sence of T cells. We obtained similar results when TCRa '~ mice
were used as recipients instead of Ragl '~ mice (results not shown).

Contactwith CD11b"DCs
Contact with CD11b* DCs
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Therefore, in the following experiments, we transferred DsRed"
HDM-primed polyclonal CD4" T cells into TCRa '~ mice to vi-
sualize the local consequences of effector T cell cytokine production.

IL-13 (together with IL-4) is known to induce STAT6 phosphor-
ylation in target cells (45), so we first performed immunostaining
for STAT6 phosphorylated on Y641 (p-STAT6) to reveal locally
responding cells. In response to HDM/CT, DsRed* polyclonal
T cells formed discrete small clusters in the tracheal mucosa on days
24 postsensitization. By day 7, the numbers of recruited cells in-
creased, and cell clusters became larger, with scattered cells dis-
tributed between these clusters. To determine whether the effect of
IL-13 is locally restricted, we visualized early small effector DsRed”
CD4" clusters together with p-STAT6 staining (Fig. 7A-C). We
observed that the DsRed™ effector cells were among the brightest
p-STAT6" cells; therefore, via image processing, we removed all
p-STAT6 signals that originated from DsRed" cells (Supplemental
Fig. 1). We found that clusters of bright p-STAT6" cells com-
pletely overlapped with DsRed" effector clusters (Fig. 7A). How-
ever, in control tracheas from HDM/CT-sensitized TCRa ~/~ animals
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FIGURE 6. Polyclonal HDM-primed T cells, but not OT-II cells, arrest on DCs and produce effector cytokine. (A) Adoptive transfer and sensitization
protocol. (B) Flow cytometric analysis of tracheal tissue digests to compare the tracheal polyclonal CD4" response in HDM/CT- sensitized versus control
(PBS-treated) mice. Analysis of recipient mice was performed at day 8 postsensitization. Numbers indicate percentages. (C) Snapshot from Supplemental
Video 6 (left panel; scale bar, 100 wm) and representation of corresponding cell motility tracks (right panel). (D) Quantitative comparison of mean velocity
and arrest coefficient of HDM-primed polyclonal versus OT-II effector cells. Circles indicate individual cell tracks; horizontal bars show mean values. Data
were pooled from the analysis of three mice, which were performed as three independent experiments. (E) Whole-mount IL-17 staining of tracheas
collected after MP-IVM analysis. Boxed region in left panel (scale bar, 50 wm) is enlarged (right panel; scale bar, 10 wm) to indicate IL-17 production by
polyclonal T cells (arrow) but not by OT-II cells (double arrows). Twenty IL-17" cells were analyzed in the tracheas of two mice (from two independent

experiments). ***p < 0.001, ****p < 0.0001, Mann—Whitney U test.

that did not receive polyclonal T cells, only very few dim p-STAT6"
cells were present, and these did not form clusters (Fig. 7B). A closer
examination of DsRed" effector clusters revealed individual bright
p-STAT6" locally responding cells within and around subepithelial
T cell clusters (Fig. 7C).

Because our results suggested that the effect of CD4" T cell
cytokines is concentrated within the clusters they form, we next
asked whether the T cell-dependent recruitment of eosinophils
and neutrophils occurs in a local manner. We observed earlier
that eosinophilia develops at later time points (typically days 8—
12 after HDM/CT). To ensure the detection of small, separate
clusters at these late time points, we initially injected a smaller
number of CD4" polyclonal effectors (1 X 10° per mouse in-
stead of 0.5-1 X 10° that was used for analysis at early time
points). In line with our expectations, eosinophil recruitment
was locally restricted to these late effector clusters (Fig. 7D).
We further verified this finding by injecting a bolus of fluo-
rescently labeled eosinophils and visualizing their tracheal
localization on the next day. We found that the injected cells
also localized into early (day 3, Supplemental Fig. 5C) and late
(day 9, Supplemental Fig. 5D, Supplemental Video 7) effector
clusters.

In contrast to the local accumulation of eosinophils, neutrophils
were distributed more evenly in the tracheal mucosa and did
not show such prominent clustering with T cells (Fig. 7E, 7F).
However, CD4" effector clusters also contained a large number of
neutrophils, which suggests that Th2 and Th17 cells participate in
their formation.

Discussion

In asthmatics, allergic inflammation mainly develops within the
mucosal layer of small-diameter bronchi. Upon repeated allergen
challenge, the prolonged activation of Th2 and Th17 cells causes, via
the release of effector cytokines, tissue eosinophilia and neutrophilia
and ultimately leads to tissue damage, airway remodeling, and
bronchial obstruction. To explore how this complex sequence of
cellular activation and migration events is organized spatially and
dynamically, we established an in vivo dynamic/ex vivo static
imaging-based model of small-airway allergic disease. The key
features of our disease-relevant approach include focusing on the
mouse trachea, because of its similarities to small human bronchi
(from which mouse small airways are very different) and charac-
terizing a polyclonal (and not TCR-transgenic) T cell response to a
clinically relevant allergen (HDM). These features represent an
important advance and distinguish our work from prior studies ex-
ploring T cell-DC interactions in the peripheral lung/intrapulmonary
airways of mice by using ex vivo slice preparations with TCR-
transgenic OT-II cells in response to OVA (46).

The notion that effector CD4" responses to inhaled Ag occur in
discrete cellular foci was suggested earlier (47). Our results
clearly demonstrate that the initial recruitment of effector T cells
and the formation of clusters in the airway mucosa are accom-
panied by the local accumulation of Ag-presenting DCs (Fig. 4A).
At later time points, we also observed the local recruitment of
eosinophils and neutrophils, which complete the loop of a typical
adaptive Th2/Th17 immune response. The formation of clusters
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FIGURE 7. STAT6 phosphorylation and myeloid effector cell recruitment in the tracheal mucosa are associated with CD4* T cell clusters. HDM-primed
polyclonal CD4* T cells, isolated from the bronchial lymph node of CAG-DsRed mice, were adoptively transferred into TCRa ~’~ mice on day —7. At day 0,
recipients received HDM/CT o.ph., and perfusion-fixed tracheas were collected at different time points for whole-mount confocal analysis. (A—C) Analysis
of p-STAT6 distribution at day 3. (A) Colocalization of a p-STAT6" cell cluster with a cluster of DsRed" polyclonal effector T cells (arrows indicate the clusters). (B)
Lack of bright p-STAT6" cells in mice without transferred T cells (arrows indicate a few dim p-STAT6" cells). Images in (A) and (B) were acquired using the same
laser intensity and detector settings (scale bars, 50 wm). (C) XY, XZ, and YZ representations of a subepithelial effector cluster (slice positions are indicated by tick
marks). The tracheal epithelium is shown between the dashed lines. Arrows show bright p-STAT6" cells. DsRed” p-STAT6" cells were excluded from the final
images. (D-F) Mice were challenged on day 7, and perfusion-fixed tracheas were collected for whole-mount confocal analysis of eosinophil and neutrophil
accumulation on day 9. (D) Localization of Siglec-F* eosinophils in a DsRed" CD4" effector cluster. Boxed region is enlarged (far right panel) and shown as XY,
XZ, and YZ representations (a range of slices is shown, as indicated by tick marks). Scale bars, 100 wm. (E) Lower-magnification images of two DsRed” CD4*
effector clusters (dashed lines) showing the partial or complete colocalization of CD11b* neutrophils and Siglec-F* eosinophils, respectively (upper panels; scale
bars, 100 wm). Higher-magnification images of a DsRed* CD4" effector cluster showing eosinophils and neutrophils within the clusters (lower panels; scale bars,
20 pm). (F) Quantitation of eosinophil or neutrophil localization within T cell clusters. Six clusters (n = 6) were analyzed in three tracheas. All images are
representative of at least two independent experiments. **p < 0.01, Mann—Whitney U test.

that contain all key cellular players of an allergic response might
represent a general feature of the immune system that has
evolved to localize the cellular response for the containment of
helminths and parasites. Similarly, Thl responses may also
develop in the form of discrete cellular clusters, as observed,
for example, in models of mycobacterial infection (granuloma
formation) (17, 18).

The relatively low (1-2%) in vivo frequency of cytokine-positive
T cells (as detected by immunohistology and flow cytometry)

reflects the rate at which effector T cells normally become ac-
tivated in the course of a polyclonal effector CD4* Th response.
This is in apparent contrast to values that have been commonly
measured in Th cells ex vivo, typically after restimulation with
P/1, anti-CD3, or Ag (frequencies up to 30-40%). Although the
fraction of cytokine-positive cells increased after secondary Ag
administration in vivo and in vitro, it remained clearly below
those values detected following P/I. This could be explained by
the asynchronous activation of polyclonal effector T cells in vivo,
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which is subject to the availability of specific Ag, the previously
described process of rapid desensitization following activation (19),
and other tissue factors yet to be explored.

In contrast, Ag nonspecific stimuli (e.g., with P/I) induce a
synchronized activation of all cells, which does not necessarily
reflect the rate at which this happens in vivo. The importance of
such direct in situ/ex vivo analyses of intracellular cytokine content
becomes obvious, especially in the accurate identification of the
major cellular source of effector cytokines. It was reported that
ILC2s represent a major source of IL-13—producing cells in an
HDM-induced allergic response, as measured after P/I stimulation
(37); however, their contribution to IL-13 production in our model
was minimal. This was also supported by the finding that eosin-
ophilia developed in a T cell-dependent manner, as observed in
this study, as well as by other investigators (48).

Our finding that CD4" T cells are the major source of local
cytokine production, with only a minor involvement of ILC2s,
differs slightly from previous observations made in a papain
model of asthma (49, 50) or another study using repetitive HDM
exposure (51), both of which suggest an important role for ILC2s
in terms of cytokine production and the initiation of a Th2-type
adaptive response. In this respect, our study might not accurately
model how HDM normally induces initial sensitization (i.e., via
the epithelial induction of IL-33, IL-25, or TSLP, which induces
ILC2 cytokine production and promotes adaptive Th2 responses).
Instead, we might bypass this epithelium—ILC2 pathway by the
use of CT (as discussed later) and also induce a strong Th17 (and
Thl) adaptive response, for which ILC2s are dispensable (51).
Due to this limitation, our study is not directly comparable with
previous work on how protease allergens elicit an allergic re-
sponse; instead, we provide an alternative imaging-based ap-
proach to visualize the effector function of polyclonal mixed Th2/
Th17 CD4" T cells in the complex airway mucosal tissue in re-
sponse to HDM challenge, using a protocol that was developed
and adjusted for our specific imaging purposes.

The vast majority of cytokine® T cells were engaged in direct
cell—cell contact with MHC-II" cells, which suggests that cytokine
gene activation and cytokine production in effector T cells are
triggered by the recognition of specific Ag presented by local
DCs, mainly of the CD103~ CD11b"* subtype. This notion is also
supported by our in vivo imaging experiments showing prolonged
interactions between HDM-primed polyclonal T cells with DCs,
whereas control OVA-specific OT-II effector cells that were ini-
tially primed under the same conditions as the polyclonal effectors
failed to form stable interactions with DCs or produce cytokine. In
light of the previous observations made in liver (18) and skin (19)
models of Thl effector responses, our results suggest that the
requirement of specific Ag recognition and prolonged interaction
with Ag-presenting DCs for local cytokine production also applies
to polyclonal Th2/Th17 responses of the airway mucosa. After
dissociation from DCs, increasing T cell motility correlates with
an immediate decrease in cytokine production (19). We also ob-
served a very low number of cytokine™ T cells without direct
contact with DCs; however, these were always within a few tens of
micrometers from a neighboring MHC-II™ cell (data not shown),
suggesting that, for a limited time period, T cells are capable of
producing cytokines even after dissociating from a DC.

Lately, it has been a matter of intense debate whether effector
cytokines are secreted locally or are widely distributed in complex
tissues. Within lymph nodes, locally produced Thl and Th2 cy-
tokines were reported to reach the majority of cells (52). However,
in peripheral tissues, cytokine effects might be more locally re-
stricted. Previous studies showing an inverse correlation between
motility and cytokine production (18, 19) clearly favor the model
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according to which the radius of action for T cell cytokines is
limited to ~80-100 pwm (14, 53), thereby reaching only neigh-
boring cells. Our model did not allow an exact measurement of the
distances at which locally released Th2 cytokines exert their effect
(detected as STAT-6 phosphorylation), because there were always
a few scattered CD4" cells, as well as p-STAT6" cells, present in
areas between the prominent clusters. However, local accumula-
tions of p-STAT6" cells perfectly overlapped effector clusters,
suggesting that the locally restricted model of cytokine effects also
applies to airway mucosal Th2 responses.

IL-13 is a key mediator of allergic asthma, and its effects through
the IL-13/IL-4/STAT-6 signaling pathway have been well charac-
terized (54). One of the main functions of IL-13 is the induction of
tissue eosinophilia via induction of eotaxin production, which pro-
motes the recruitment of eosinophils from the bloodstream (55). In
our model, eosinophil accumulation followed the pattern of STAT-6
phosphorylation (i.e., the initial clusters of newly arriving eosino-
phils preferentially localized to CD4* effector clusters). This finding
suggests that the effector arm of the allergic response is concentrated
around the site of initial Ag encounter and T cell activation.

It is important to note that CT was extremely useful as an ad-
juvant in our imaging analyses; it induced a robust primary
Th2/Th17 CD4* (but not CD8") response to HDM, revealing the
kinetics of cluster formation and allowing the side-by-side analysis
of eosinophil and neutrophil positioning in the tracheal mucosa,
which occurred in a T cell-dependent manner. However, CT is
known to engage relatively unique pathways (56), potently acti-
vate CD11b" DCs (36), and skew the immune response to HDM
toward Th17 cells (57). Although we confirmed some of the main
findings (e.g., T cell-DC cluster formation with local eosinophil
recruitment and low-frequency cytokine production by T cells
while in contact with DCs) also using repetitive HDM adminis-
tration without CT (Supplemental Fig. 3), both models reflect
changes during a very acute primary or secondary response to
allergen. However, because asthma is a chronic disorder, it would
be useful to focus future imaging studies on the chronic allergic
response involving airway remodeling induced by long-term re-
petitive allergen administration. Our combined approach of in vivo
tracheal imaging and in situ staining for signaling events provides
an ideal platform for such future studies as well.

In conclusion, our results provide a deeper insight into the spatial
and functional organization of an airway mucosal Th2/Th17 al-
lergic response. Key features of this response are the formation
of discrete cellular clusters, Ag-specific T cell-DC interactions
within these clusters leading to local T cell activation and cytokine
production, and the resulting recruitment of myeloid effector cells
into these clusters, possibly in response to local cytokine effects.

These observations also imply that the episodic formation of
inflammatory cell clusters might represent a mechanism by which
acute inflammatory foci produce diffuse bronchial disease over
time, which could be equivalent to the allergen-induced acute
exacerbations of chronic inflammation, as observed in clinical
settings. This underlines the importance of the early detection and
appropriate specific therapeutic targeting of acute inflammatory
episodes to preclude the development of chronic airway disease.
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Supplemental Figure 1
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Supplemental Figure 1: Image processing steps applied to confocal microscopic
data involving p-STAT6 stainings. Raw confocal Z-stacks with p-STAT6* single-
positive (arrows) and p-STAT6* DsRed* double-positive cells (double arrows) were
processed via “3D surface rendering” of the DsRed (T-cell) channel, using Imaris. Within
these surfaces, intensity values of the cyan (p-STAT6) channel were set to zero using
the “Mask Channel” function of Imaris. As a result, only p-STAT6" DsRed- cells
appeared in the processed image (arrows). The same image before and after these

processing steps is presented below (bar=20um).



Supplemental Figure 2

Supplemental Figure 2: Intravital microscopic setup for imaging the mouse

trachea. (A) Snapshot of the complete experimental setup ready for MP-IVM analysis.
(B, C) Key components of the custom-made stage as viewed from the side (B) or from
above (C): imaging “window” (asterisk), intubation cannula (arrow) and wire loop for

holding the teeth (double arrow).
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Supplemental Figure 3: Comparison of the new model involving
HDM/CT-sensitization with a commonly used model based on adjuvant-free
HDM sensitization and repetitive challenge. C57BI/6 mice were sensitized with
HDM/CT on d0 and analyzed on d8 (*HDM-CT-model”) or sensitized with HDM on d0
and challenged daily with HDM on days 7-11, followed by analysis on d14 (“repetitive
HDM-model”). Controls were repetitively treated with PBS, respectively. (A-D)
comparison of cellular infiltration in the tracheas (3 tracheas pooled per
measurement, n=2 measurements) and lungs (n=6 mice; *:p < 0.05; **:p < 0.01 as
determined using Mann-Whitney test). (E, F) Co-clustering of T cells and DCs (left
panel, bar=100 ym) or T cells and eosinophils (right panel; XY, XZ and YZ
representations, bar=30 um) in the tracheal mucosa of mice treated according to the
“repetitive HDM” protocol. (G) Comparison of cytokine responses of CD4" T cells
from lung digests after PMA/lono restimulation (n=6 mice, *:p < 0.05; **:p < 0.01 as
determined using Mann-Whitney test). (H) Visualizing IL-13" CD3"CD4" T cells in the
airway mucosa after repetitive HDM administration (arrow shows a cytokine-
producing cell, bar=10 ym). (I, J) IL-13" T cells are engaged in contact with MHC-II"
DCs in the tracheal mucosa after repetitive HDM administration (l: Z-projections of
individual channels, J: XY, XZ and YZ representations. Arrow shows an IL-13" T cell
in direct contact with a DC. Bar=10 ym). Results were pooled from two independent

experiments.
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Supplemental Figure 4: Characterization of cytokine-producing cell
populations. (A, B, C, D) Comparison of CD4" T-cell and ILC2 cytokine production
in tracheal and lung tissue digests. C57BI/6 mice were sensitized with HDM/CT on dO
and received HDM challenge on d7. Tracheas and lungs were analyzed on d9. (A)
|dentification of tracheal CD4*CD44" effector T cells and Lin"CD127"KLRG1* ILC2s
in the same sample and measurement of cytokine-producing cells directly ex vivo or
after PMA/lonomycin re-stimulation. Five tracheas were pooled for each
measurement (isotype control vs. specific anti-cytokine staining was done using the
same digest). (B) Total number of CD4" T cells and ILCs per trachea (left plot) and in
the right upper lung lobe (right plot). (C, D) Quantitation of cytokine production by
CD4" T cells vs. ILC2s in the lungs as measured directly ex vivo (C) or after
PMA/lonomycin re-stimulation (D). Results were pooled from two independent
experiments (n=2 measurements for pooled tracheas, n=5 measurements for single
lung lobes; **:p < 0.01 as determined using Mann-Whitney test).

(E, F, G) Analysis of IL-13 production by CD1d-restricted iNKT cells vs. conventional
T cells. Plots indicate comparison of tracheal (E) and lung (F) digests from WT vs.
IL-13 DsRed reporter mice (gated on CD3" cells, numbers indicate percentages). (G)
Quantification of total cell numbers and percentages of reporter-positive cells. Each
dot represents one measurement (3 pooled tracheas). (H, I): Characterization of
prominent IL-13" and IL-17" CD4" T cells in tracheal sections. Arrows indicate
cytokine-positive cells (bar=20um). Results of a single experiment are shown.
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Supplemental Figure 5: The T-cell dependent recruitment of eosinophils occurs
within effector T-cell clusters. (A, B) CAG-DsRed mice were sensitized with
HDM/CT o.ph. and on d4, CD4" T cells from the lung-draining LN were isolated and
i.v. transferred into Rag” mice. Control mice were injected with LN T cells from
non-immunized mice or received no T cells. Recipient mice were sensitized one
week later with HDM/CT. At d7 after HDM/CT sensitization, mice received another
HDM challenge and digested lung tissue was analyzed on d9. (A) analysis of
tracheal digests (3 tracheas pooled per analysis). Numbers indicate percentages. (B)
analysis of lung digests (individual lung lobes were analyzed, n=3-6 mice per group;
*:p < 0.05; **:p < 0.01 as determined using Mann-Whitney test). Results of a single
experiment are shown.

(C, D) “HDM-specific” polyclonal CD4" T cells were isolated from the BrLN of
CAG-DsRed mice and 0.5 x 10° cells (for d3 analysis) or 1 x 10° cells (for d9
analysis) were adoptively transferred into Rag-1" mice on d-7. At dO, recipients
received HDM/CT. At d2 or d8, 5 x 10’ fluorescently labeled eosinophils were
injected i.v. and one day later, perfusion-fixed tracheas were collected for whole-
mount confocal analysis (on d3 or d9). Images show the localization of eosinophils
into effector CD4" cell clusters, formed at d3 (C) or at d9 (D). Boxed regions in the
low-magnification images (upper panels, bar=200 ym) have been enlarged (lower
panels) and shown as XY, XZ and YZ images (a range of slices is shown, as
indicated by tick marks). Two mice were analyzed at each time point. Results of a

single experiment are shown.



Supplemental Video Legends

Supplemental Video 1: 3D-exploration of the two-photon microscopic dataset
shown in Figure 1, D-F. An XY “ortho-slicer” shows sequential optical sections
starting from the tracheal lumen, pausing in the epithelial layer (red) to show
intraepithelial DCs (yellow) and progressing towards the outer surface of the trachea.
Following a rotation of the dataset by 90°, an XZ “ortho-slicer” shows a sequential

series of cross-sections. Grid spacing=50um.

Supplemental Video 2: A novel two-photon intravital microscopic setup for the
visualization of cellular dynamics in the tracheal mucosa. Probing behavior of
DCs (yellow) in the trachea of a CD11c-EYFP mouse was visualized together with
i.v. injected blood tracer (red) and SHG (cyan) indicating collagen-rich outer surface
of the trachea. XY, XZ and YZ representations are shown. Time is shown as

hh:mm:ss.

Supplemental Video 3: Visualization of blood flow in deep tracheal vessels.
DCs (yellow) in the trachea of a CD11c-EYFP mouse were visualized together with
i.v. injected blood tracer (red) and SHG (cyan) indicating collagen-rich outer surface
of the trachea. XY, XZ and YZ representations are shown. Time is shown as

hh:mm:ss.

Supplemental Video 4: Visualization of DC-T-cell interaction dynamics in the
tracheal mucosa in vivo. Ubiquitously fluorescent CAG-ECFP mice were sensitized
with HDM/CT on d-13. On d-7, lung-draining lymph nodes were collected, CD4™ T
cells were isolated and injected into CD11c-EYFP Rag-1"" recipients. Recipients
were sensitized on dO with HDM/CT o.ph. and challenged with HDM on d7. Two-
photon imaging was performed on d9. Movie shows the dynamics of a cluster formed
by DCs (yellow) and “HDM-specific” polyclonal CD4" T cells (cyan). XY, XZ and YZ

representations are shown. Time is shown as hh:mm:ss.



Supplemental Video 5: Visualization of DC-T cell interaction dynamics in the
tracheal mucosa in vivo. The same experimental setup is shown as in
Supplemental Video 4. Circles indicate two interacting DC-T cell conjugates. Time

is shown as hh:mm:ss.

Supplemental Video 6: Comparison of polyclonal vs. control,
non-antigen-specific T-cells. CAG-ECFP mice were sensitized with HDM/CT on
d-13. On d-7, lung-draining lymph nodes were collected, CD4" T cells were isolated
and injected into CD11c-EYFP Rag-17 recipients. Recipients were sensitized on d0
with HDM/CT o.ph. and challenged with HDM on d7. On day 8, animals were i.v.
injected with fluorescently labeled OT-Il Rag-1" effector T cells. Two-photon imaging
was performed on d9. Movie shows simultaneous visualization of “HDM-specific”
polyclonal CD4" T cells (cyan), OT-Il Rag-1" effector T cells (red) and DCs (green) in

the tracheal mucosa. Time is shown as hh:mm:ss.

Supplemental Video 7: Visualization of eosinophil migration to CD4" T-cell
clusters. CAG-ECFP mice were sensitized with HDM/CT on d-13. On d-7, lung-
draining lymph nodes were collected; CD4" T cells were isolated and injected into
TCRa™ recipients. Recipients were sensitized on dO with HDM/CT o.ph. and
challenged with HDM on d7. Two-photon imaging was performed on d9. Just before
imaging, fluorescently labeled eosinophils (isolated from NJ.1638 mice) were i.v.
injected. Movie shows several eosinophils (red) rolling in blood vessels (visualized by
FITC-dextran, green) and “HDM-specific’ polyclonal CD4" T cells (cyan) in the
mucosal tissue. An extravasated eosinophil (arrow, then shown by circle) migrates

towards a group of T cells. Time is shown as hh:mm:ss.
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