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Immune tolerance to allergens in early-life decreases the risk for asthma in later life. Here we show establishment of stable airway
tolerance to the allergen, house dust mite (HDM), by exposing newborn mice repeatedly to a low dose of the allergen. Lung
dendritic cells (DCs) from tolerized mice induced a low Th2 response in vitro mirroring impact of tolerance in vivo. In line with our
previous finding of increased mitochondrial H,O, production from lung DCs of mice tolerized to ovalbumin, depletion of
mitochondrial H,0, in MCAT mice abrogated HDM-induced airway tolerance (Tol) with elevated Th2 effector response, airway
eosinophilia, and increased airway hyperreactivity. WT-Tol mice displayed a decrease in total, cDC1 and cDC2 subsets in the lung as
compared to that in naive mice. In contrast, the lungs of MCAT-Tol mice showed 3-fold higher numbers of cDCs including those of
the subsets as compared to that in WT mice. Our study demonstrates an important role of mitochondrial H,O, in constraining lung
DC numbers towards establishment of early-life airway tolerance to allergens.

Mucosal Immunology (2022) 15:154-164; https://doi.org/10.1038/541385-021-00458-8

INTRODUCTION

In 1951, a study showed that pre-exposure to a high dose of an
antigen induced severe asthma, whereas a low dose caused
hyposensitization.! Follow-up studies confirmed that repeated
exposure to low doses of an allergen prevents adverse reactions
upon subsequent exposure to the same allergen.>? First described
in 1911,% allergen immunotherapy (AIT) involving desensitization
with low doses of allergens rather than complete avoidance has
been effectively practiced to treat a broad spectrum of allergic
diseases including food allergy,®>™ atopic dermatitis,®° and
allergic rhinitis.'"®"" However, clinical trials of AIT in asthma are
rare>'?'3 due to safety concerns and lack of adequate experi-
mental evidence." This necessitates the development of animal
models of airway tolerance to common aeroallergens for future
translation.

Many studies suggest a critical time window in early life for
achieving tolerance to prevent development of allergic disease,’”
as is also evident in immunotherapy to establish tolerance to
peanuts.? This knowledge provides an opportunity to establish
early-life tolerance to common aeroallergens associated with the
asthmatic diathesis. We previously demonstrated PPARy-mediated
production of the reactive oxygen species, H,0,, from mitochon-
dria in lung CD11c+ cells in the context of inhaled tolerance to
the model allergen ovalbumin (OVA).'® A pharmacological
approach that indiscriminately scavenged all reactive oxygen
species from mitochondria prevented tolerance establishment
and instead induced eosinophil-dominated airway inflammation
in response to allergen challenge in the mice."® In this study we
show that repeated exposure of young mice to a low dose of the

common household allergen, house dust mite (HDM), which has
been associated with asthma onset,'” was effective in achieving
tolerance to HDM. Additionally, targeted overexpression of
catalase in transgenic mice (MCAT) to specifically deplete H,0,
in mitochondria abolished establishment of inhaled tolerance to
HDM. Functionally, we describe an impact of tolerance on
constraining numbers and gene expression in lung dendritic cells
(DCs) that is affected in MCAT mice.

RESULTS

Early-life exposure to low-dose HDM prevents allergic airway
inflammations in later life

Since early-life exposure to allergens can cause immune
tolerance,>'> we established a mouse model of airway tolerance
to HDM by repeatedly exposing young mice to a low dose of
HDM. This model consists of two phases (Fig. 1a). First, an early
sensitization phase involves intranasal administration of a
relatively low dose of HDM to 2-week-old mouse pups, the age
being equivalent to <6-month-old humans.'®'® This is followed by
a challenge phase involving repeated administration of a higher
dose of HDM when the pups reach 6 weeks of age, which is
equivalent to the age of puberty onset in humans. Histologic
assessment of lung sections following staining for mucus showed
that compared to untreated naive animals, mice immunized to
mount airway inflammation without any early-life exposure to
HDM and pre-exposed instead only to PBS followed by multiple
exposures to HDM at 6 weeks of age show increased inflammation
around bronchovascular bundles and increased staining for

"Division of Pulmonary, Allergy, and Critical Care Medicine, Department of Medicine, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA. *Department of
Immunology, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA. ®email: raya@pitt.edu

Received: 3 June 2021 Revised: 8 September 2021 Accepted: 13 September 2021

Published online: 27 September 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00458-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00458-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00458-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00458-8&domain=pdf
https://doi.org/10.1038/s41385-021-00458-8
mailto:raya@pitt.edu
www.nature.com/mi

H. Yuan et al.

a Sensitization Challenge
No/low/high dose HDM i.n. 25 ug HDM i.n.

r . ! r ) 1

VYV VYV Vo, VYV VYV VY X

1 8 5 74 9 7/ 123 8 910 151617 18

A
2 weeks 6 weeks
b Pre-exposure at 2 weeks ¢ Inflammation around
No HDM Low HDM High HDM bronchovascular bundles

HDM Challenge

Score
N W £

-

d Eosinophil Neutrophil Lymphocyte Macrophage e ing 113
ns ns

O Naive

[0 No HDM
O Low HDM
O High HDM

% in BALF

1000

x10* cells

50 st 300 )
200

100

Relative Expression

to HPRT (x1000)
- N W b
o O O o
% I
oo to :|
o § de
ofte

o

]

b FH—

Relative expression
to HPRT (x1000)
O O = = NN

o o mowm

High HDM g
448

+ 10
&
g o
4 6
3
3] 4
£ 2
=

- 0!

>
8
56
S
§ 4
£ 2
)

T 0

>

FoxP3"¢9 |L-10 FoxP3P° |L-10

o 8 %
2
e o1
;
5 af =,
< 2{ B
X

T 0

mucus (Fig. 1b, ¢; labeled No HDM group). In contrast, repeated
pre-exposure to a low dose of 0.5 pg HDM (labeled Low HDM) at
2 weeks of age prevented the development of airway inflamma-
tion and mucus in the airways when the mice were later
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challenged at 6 weeks, as in the No HDM group (Fig. 1b, ¢).
However, this protective effect was not observed when a 10x
higher dose of 5 ug (labeled High HDM) was used for sensitization
at 2 weeks of age (Fig. 1b, c). Mice in the No HDM group displayed
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Fig. 1 Early-life exposure to low dose of HDM establishes airway tolerance to the allergen. a Schematic for low-dose HDM-induced early-
life airway tolerance model. Other groups for comparison included pre-exposure to either PBS (No HDM) or a higher dose of HDM. b, ¢
Analysis of lung tissue isolated from WT mice sensitized to a low dose of HDM (0.5 pg, referred to here as Low HDM) or a high dose of HDM
(5.0 ug, referred to here as High HDM) or without any HDM pre-exposure (referred to as No HDM) at 2 weeks of age, followed by challenges
with 25 pg of HDM at 6 weeks of age. Animals without any exposure to vehicle or HDM were considered as naive controls. Histological
assessment of lung sections after PAS staining showing cellular infiltration around blood vessels and airways (black arrow) and mucus staining
in the small airways (red arrow). Scale bar:100 um. Data shown in (b) are representative results and in (c) are median + IQR summarized from
two independent experiments with 6 mice per group. d Analysis of differential cell counts showing frequency and absolute number of
inflammatory cells in the BAL fluid. Data shown are median = IQR combined from three independent experiments with 7-13 mice per group
in pooled data. e Expression of Ifng, Il-13 and II-17a mRNA in lung tissue was assessed by RT-gPCR methods. Data shown are median + IQR of
pooled data from two independent experiments with 4-6 mice per group. f Representative flow plots of the percentage of Th2 cells (GATA-
3*IL-13" and GATA-3'IL-5") (gated on live CD4"TCRp* FoxP3 cells) and FoxP37IL-10" and FoxP3"IL-10" populations (gated on live
CD4"TCRP™) in the lungs. g quantification of the percentages of cell types shown in (e) in each mouse. Data shown are median +IQR
combined from three independent experiments with 6-10 mice per group (pooled). Kruskal-Wallis with Dunn’s post hoc test (c, d, e, g). *P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; "*P > 0.05.

a higher total cell number in the bronchoalveolar lavage (BAL)
fluid that included increased numbers of eosinophils (predomi-
nant cell type), neutrophils and lymphocytes (Fig. 1d) indicative of
robust airway inflammation in response to repeated exposure to
inhaled HDM at 6 weeks of age. In line with the profiles of lung
histologies (Fig. 1b, c), Low HDM mice showed lower BAL fluid
cellularity compared to those in the No HDM group (Fig. 1d). In
marked contrast, the High HDM group failed to show tolerance to
HDM, instead showing a response of increased airway inflamma-
tion upon HDM challenge (Fig. 1d), demonstrating a protective
role of low-dose allergen exposure.

HDM is a complex allergen that induces a mixed T-helper cell
response.”° Indeed, animals without HDM pre-exposure (No HDM
group) displayed increased expression of Ifng, II-13, and I-17a
mRNA in the lung tissue compared to that detected in the lungs of
naive mice (Fig. 1e). Mice with early-life exposure to either low or
high dose of HDM showed comparable Ifng mRNA levels.
However, in the Low but not the High HDM group, lower levels
of II-13 and /I-17a mRNA were detected compared to that in the
No HDM group (Fig. 1e). Analysis of cytokine expression in lung
cells by intracellular cytokine staining (ICS) methods showed a
significant reduction in IL-13- and IL-5-producing CD4™ T cells in
the Low HDM group as compared to that in the No HDM or High
HDM group (Fig. 1f, g), consistent with reduced staining for mucus
in the airways (Fig. 1b, ¢) and lower eosinophil numbers in the BAL
fluid of mice in this group (Fig. 1d). We also found a significant
reduction in the frequency of CD4*Foxp3~ T cells expressing IL-10
in the Low HDM group as compared to that in the No HDM group
(Fig. 1f, g). This was in line with increased IL-10 expression
previously observed in the context of an effector Th2 response.?’
However, the frequency of IL-107CD4 1 FoxP3™ T cells (resembling
regulatory T cells-Tregs) was also lower in the Low HDM tolerance
group (Fig. 1f, g) suggesting that this mode of tolerance
establishment in early life did not result in a higher regulatory
T-cell response in the lungs of the mice.

Taken together, we were able to establish a mouse model of
airway tolerance, which was induced by exposure to a low dose of
the common allergen HDM in early life. This model presented an
opportunity to study tolerance-inducing mechanisms that effec-
tively blocked allergic responses to a common allergen.

Differential impact of dendritic cells on T cells depending on
dose of HDM exposure

DCs play a critical role in antigen processing and presentation to
naive T cells inducing T-cell activation, proliferation and differ-
entiation. To assess the impact of low dose HDM exposure on DC
function, we performed an in vitro DC-T-cell short-term co-culture
assay using DCs from mice exposed to either high or low-dose
HDM and naive T cells from OVA-specific OT-Il TCR transgenic
mice. DCs isolated and purified from the lungs of the pups
exposed to High HDM dose (5.0 pg) that primed for inflammation
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or Low HDM dose (0.5 ug) that primed for tolerance were co-
cultured for 5 days with naive CD4* T cells from OT-Il mice, and
the OVA peptide, OVA3,3 339, OT-Il mice being TCR transgenic (Tg)
with specificity for this epitope of OVA. Since an HDM TCR Tg
mouse was not available to us, we tested the function of the DCs
isolated from our model by using T cells from OT-Il mice as a
surrogate. In lieu of the cognate TCR Tg system, this approach has
been used in multiple studies to assess the functional capacity of
DCs exposed to an allergen or pathogen in vivo.?*?* The ability of
the DCs for priming and polarizing naive CD4% T cells was
determined by assessing the profile of the co-cultured CD4"
T cells by flow cytometry. Of note, these experiments involved
only a priming step over a 5-day period and did not involve any
antigen-restimulation to boost the initial response. Consistent
with the in vivo data, lung DCs from mice in the Low HDM group
resulted in fewer polarized Th2 cells (GATA-37IL-13) compared to
their counterparts isolated from the High HDM group (Fig. 2a, b).
Also, in accordance with the in vivo data, lung DCs from the
tolerized group induced a lower frequency of FoxP3'IL-10" CD4+
T cells as compared to those from the latter group (Fig. 2e, f). We
did not, however, detect any difference in the frequency of
Foxp3TIL-10" cells (Tregs) in the two groups (Fig. 2e, f). In
additional experiments performed to assess the level of secreted
cytokines in the culture supernatants, we also detected signifi-
cantly lower levels of Th2 cytokines in the supernatants
originating from co-culture with DCs from exposure to Low dose
HDM as compared to those corresponding to the High HDM dose
exposure (Fig. 2g). Interestingly, we detected comparable IFN-y
levels in the supernatants of the two groups (Fig. 2g) akin to
observations in vivo (Fig. 1e) suggesting a specific inability of DCs
from the Low dose HDM-exposed group to stimulate a Th2
response rather than a general impairment in T-cell-stimulatory
function, as also evident in data shown in Fig. 1 after repeated
challenge with HDM in vivo. However, one limitation of the
experimental setup for assessment of DC function ex vivo was that
correspondingly we were unable to assess the functional capacity
of the DCs using T cells from transgenic mice with TCR specificity
for one of the HDM antigens, Der p 1.*

Depletion of mitochondrial H,0, abolishes active suppression
of allergic airway inflammation

We next investigated the molecular mechanism by which airway
tolerance is established after early-life exposure to a low dose of
HDM. In our previous study, we showed production of hydrogen
peroxide (H,0,) by lung DCs in our model of immune tolerance
using inhaled OVA.'® However, we did not establish that it is H,0,
per se that has a specific role in immune tolerance among the
different reactive oxygen species induced in the context of an
immune response that also include superoxide and hydroxyl
radicals. Superoxide radicals undergo dismutation to produce
H,0,. To address this question, we used transgenic mice with
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Fig.2 Dendritic cells from tolerized mice suppress Th2 phenotype in co-cultured naive CD4" T cells. 24 h after the last HDM sensitization
regimen, DCs purified from lungs of WT mice sensitized to high-dose HDM (5.0 pg) or low-dose HDM (0.5 pg) were co-cultured with naive
CD4™" T cells from OT-ll mice in vitro for 5 days in the presence of OVA peptide. DCs in each group were pooled from 3 to 5 mice. a, ¢, e
Representative flow plots of the percentage of Th2 cells (GATA-3"IL-13") (gated on live CD4" CD25" cells), total IL-10" population (gated on
live CD4" cells), FoxP3~ IL-10", and FoxP3" IL-10" populations (gated on live CD4" cells) in the lungs. b, d, f Quantifications of the
percentages of cell types shown in (a, ¢, ) in each mouse. g ELISA measurements of the indicated cytokines present in culture supernatants
after 5 days of co-culture. Data shown are median + IQR combined from three independent experiments that includes technical replicates in
each group. Each data point represents cytokine level in a single well. Two-tailed Mann-Whitney U test (b, d, f, g). *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0,0001; "*P > 0.05.

mitochondrion-targeted overexpression of the human catalase
gene (MCAT mice).”® Scavenging of H,0, by the catalase enzyme
leads to depletion of mitochondrial H,0, in the expressing cells.
MCAT mice have been widely used in studies of mitochondrial
function in different tissues.”?” To test that the catalase gene is
also expressed and functional in other tissues that can mount an
immune response, we characterized spleens and lungs of MCAT
mice for catalase activity. Total spleen cells from MCAT mice were
found to have significantly higher catalase activity than those
from their WT littermate controls (see Supplementary Fig. 1a, left
panel online). In the lung tissue, both CD11c* (APCs) and CD11¢™
(mostly non-APCs other than B cells) cells were found to have

Mucosal Immunology (2022) 15:154 - 164

higher catalase activity (see Supplementary Fig. 1a, middle and
right panels online) and lower H,0, was produced from cells in
the MCAT mice compared to that from cells in WT controls (see
Supplementary Fig. 1b online) thereby establishing this transgenic
mouse as a reliable animal tool to directly assess the role of
mitochondrial H,0, in induction of tolerance by low-dose HDM.
To test whether mitochondrial H,O, is associated with suppression
of airway inflammation in response to inhaled low-dose HDM, we
compared the H,0,-depleted MCAT mice with the H,O,-intact WT
littermate controls under both inflammation and tolerance conditions.
As shown in Fig. 1, inflammation-inducing conditions that did not
involve pre-exposure of the mice to low dose of HDM at 2 weeks of
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age (mice were pre-exposed to the vehicle PBS), induced airway
inflammation and mucus production in WT mice (WT-Infl group) as
evident from histological examination of lung tissue sections (Fig. 3a,
b). The inflammation comprised an eosinophil-dominated response as
revealed by differential cell counts in the BAL fluid (Fig. 3¢) suggesting
induction of a robust type 2 immune response. Increase in neutrophil
numbers, albeit lower in abundance than eosinophils, was also
evident in these analyses. In contrast, airway tolerance was induced in
the lungs of WT animals that were exposed to 0.5 pg HDM at 2 weeks
of age followed by repeated exposure at 6 weeks of age to the same
high HDM challenge dose of 25 ug each time that the mice in the Infl
group were exposed to (WT-Tol group). Tolerance was suggested by
suppression of all of the inflammatory parameters detected in the Infl
group (Fig. 3a, b, ¢). MCAT mice repeatedly challenged by the high
HDM dose at 6 weeks of age without any HDM pre-exposure (MCAT-
Infl group) also showed inflammation around the airways and blood
vessels (Fig. 3a, b). However, MCAT mice under the same tolerance-
inducing conditions as the WT mice (MCAT-Tol group) failed to
actively suppress airway inflammation as evident by a marked
increase in lung pathology (Fig. 3a, b) and eosinophil-rich cell recovery
in the BAL fluid comparable to that detected in the group immunized
for inflammation (Fig. 3¢). Therefore, loss of mitochondrial H,0, led to
a more pro-inflammatory status in MCAT mice under conditions that
normally would induce tolerance suggesting that mitochondrial H,O,
plays an important role in facilitating tolerance establishment using a
low dose of allergen. As another hallmark of the type 2 immune
response, the level of total IgE in the serum was high in the WT mice
under conditions of inflammation but was significantly suppressed
under the tolerance condition (Fig. 3d). Similarly, MCAT mice
displayed high levels of IgE under both inflammation- and
tolerance-inducing conditions (Fig. 3d). We next assessed airway
hyperreactivity (AHR) to determine if depletion of mitochondrial H,O,
was sufficient to alter lung function in response to allergen
provocation. WT and MCAT mice from the inflammation condition
(WT-Infl and MCAT-Infl groups) showed AHR in response to increasing
doses of methacholine (MCh). WT-Tol mice showed lower AHR
relative to those in the Infl group. However, MCAT mice subjected to
the same tolerizing condition (MCAT-Tol group) mounted AHR at the
same level as those in the MCAT-Infl group (Fig. 3e). Taken together,
our data showed that mitochondrial H,O, plays an important role in
inducing stable tolerance that suppresses allergic airway inflammation
with associated protective effects on lung function when repeatedly
exposed to a high dose of HDM.

Depletion of mitochondrial H,0, abolishes active suppression
of Th2 response in a tolerization program

We next studied the CD41 T-cell response in WT and MCAT mice
subjected to the tolerizing condition. Under inflammation-inducing
conditions, the lungs of WT and MCAT mice showed comparable Th1
response (T-bettIFN-y™) (Fig. 4a, b). In contrast, both the Th2 (GATA-
31IL-137) (Fig. 4c, d) and the Th17 responses (RORytIL-177) (Fig. 4e,
f) were attenuated in the Tol group in the WT mice as compared to
that in the Infl group which was not the case in the MCAT mice.
Numbers of Foxp3™ CD4* T cells (Tregs) were higher but comparable
under both infllammation- and tolerance-inducing conditions in the
lungs of both WT and MCAT mice as compared to that detected in
naive mice (see Supplementary Fig. 2 online). In aggregate, these data
demonstrated a role for mitochondrial H,O, in suppressing both Th2
and Th17 responses to HDM in mice that were young adults that was
achieved by repeated exposure to a low dose of the allergen in early
life.

Tolerance reduces lung DC and macrophage numbers and
constrains upregulation of cDC2-specific genes that is
impaired in MCAT mice

We next asked whether the loss of tolerance in MCAT mice was
also mediated by an effect on lung DCs, as suggested by the
results shown in Fig. 2 when DCs exposed to a low dose of HDM
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were particularly inefficient in inducing a Th2 response. Toward
this end, we adopted the strategy described recently to
distinguish ¢cDC1 and ¢DC2 subsets and macrophages in the
lungs of mice.”® Based on expression characteristics of specific
molecules in DC subsets, we first sorted total DCs (devoid of
monocyte-derived DCs), cDC1 and cDC2 subsets and macro-
phages from the lungs of naive mice (gating strategy of the cells
shown in Supplementary Fig. S3a, see online). RNA isolated from
the DCs was analyzed for expression of the cDC1-specific gene,
Irf8, and the cDC2-specific genes Irf4 and S100a4. As shown in
Supplementary Fig. S3b, we confirmed subset-specific expression
of the genes in sorted DCs showing that each of these genes
faithfully reported cell type-specific expression as previously
described®®>® and these genes were not expressed by lung
macrophages. We next exposed 2-week-old WT and MCAT mice to
the tolerizing regimen of repeated low-dose HDM exposure and
examined the status of total DCs and ¢cDC1 and cDC2 subsets in
the lungs using the specific markers to identify DCs and the
subsets. We observed a distinct profile of DC numbers in the two
groups. While WT-Tol mice showed a 50% decrease in total DC
numbers as compared to numbers in naive mice, in contrast,
MCAT mice not only did not show this decrease but instead
showed a slight increase in DC numbers (Fig. 5). Correspondingly,
a decrease in both cDC1 and cDC2 subsets was evident in the WT
mice although the ¢DC2:cDC1 ratio of 2:1 was maintained, this
relative abundance of cDC2 to ¢cDC1 subsets having been recently
reported.?® In MCAT mice, there was no decrease in DC numbers
but rather we detected an increase in both total and cDC1 and
cDC2 subsets. However, the cDC2:cDC1 ratio was slightly
decreased to 1.7. Overall, the lungs of MCAT-Tol mice harbored
~3x more total DCs as well as cDC1s and cDC2s as compared to
those of WT-Tol mice, the difference reaching statistical signifi-
cance. A similar trend was also evident in the case of lung
macrophages which can also behave as antigen-presenting cells
(Fig. 5).

Given that MCAT mice failed tolerance and mounted a strong
Th2 response upon allergen challenge, the next question we asked
was whether in addition to DC numbers being impacted by loss of
mitochondrial H,0,, there was also any effect on the expression of
genes that are associated with ¢cDC1 and c¢DC2 phenotype and
function. We resorted to sorting the total DC population
comprising cDC1s and cDC2s from each group of mice rather
than purifying the subsets individually to assess gene expression
given the low abundance of DCs in the lungs. We computed the
ratio of cDC2- to cDC1-specific gene expression in RNA isolated
from the DC mix to derive a better sense of the overall response.
The fold change in ratio of expression between each pair was
adjusted based on the ratio of cDC2:cDC1 in the cell mix. Analysis
of RT-gPCR data revealed 2x more S700a4:/rf8 and 1.5x more Irf4:
Irf8 expression in the DCs from Tol MCAT mice compared to those
in DCs from Tol WT mice (see Supplementary Fig. S4 online)
suggesting enrichment of both $7100a4 and Irf4 expression in
cDC2s relative to that of /rf8 in ¢cDC1s in H,0,-depleted DCs.?23¢
Collectively, these data reaffirmed that induction of tolerance in
the airways is not just passive ignorance of antigen but involves an
active response that decreases DC and macrophage numbers in
the lungs that requires mitochondrial H,0,.

DISCUSSION

Using a genetic approach that dissipates H,0, specifically from
mitochondria as it is generated, here we demonstrate the ability of
mitochondrial H,O, to blunt a Th2 response to allergens such as
HDM in a sustained fashion if repeated exposure to a low dose of
the allergen is instituted early in life at 2 weeks of age. The time
point of 2 weeks (day 14) was chosen based on previous findings
of a significant decrease in airway inflammation between mice
immunized on day 3 vs. day 14 using the same dose of HDM.>’
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Fig. 3 Depletion of mitochondrial H,0, abolishes low-dose HDM-induced airway tolerance with induction of allergic airway
inflammation. Analysis of lung tissue isolated from MCAT or WT littermate mice sensitized with low-dose HDM (0.5 pg, referred to here as
Tol) at 2 weeks of age, followed by challenges with 25 ug HDM at 6 weeks of age. Mice were sacrificed 24 h after the last challenge. Mice
without HDM pre-sensitization at 2 weeks (PBS exposure) but only subjected to HDM challenges at 6 weeks were considered as inflammation
group (referred to here as Infl) while those without any exposure were considered as naive controls. a, b PAS staining of lung sections showing
cellular infiltration around blood vessels and airways (black arrow) and mucus productions in the small airways (red arrow). Scale bar: 100 pm.
Data shown in (@) are representative results and in (b) are median = IQR summarized from three independent experiments with 6-12 mice per
group. ¢ Frequency and absolute number of the inflammatory cells based on analysis of BAL fluid. d Assay of total serum IgE levels. Data
shown are median=IQR combined from two independent experiments with 5-10 mice per group. e Assessment of airway
hyperresponsiveness (AHR) in mice. Rn Newtonian resistance. MCh methacholine. Data shown in (c) are median £IQR and in (e) are mean
+ SEM combined from three independent experiments with 6-10 mice per group. Kruskal-Wallis with Dunn’s post hoc test for multiple
comparisons (b, ¢, d). Two-way ANOVA with Tukey’s multiple comparisons test (e). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0,0001; "*P > 0.05.
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Fig. 4 Depletion of mitochondrial H0, prevents suppression of Th2 and Th17 responses in tolerance model. Flow analysis of effector
T-cell subsets in the lungs of mice analyzed in Fig. 3. Note in data presented in Fig. 3, differential cell counts were not available for a few mice
due to inadvertent leakage during BAL retrieval process. Representative flow plots (a, ¢, @) and quantifications of the percentages (b, d, f left
panel) and absolute numbers (b, d, f right panel) of (a, b) Th1 (T-bet "IFN-y "), (c, d) Th2 (GATA-3"IL-13™), and (e, f) Th17 cells (RORyt"IL-177) (all
gated on live CD4"TCRB FoxP3™) in the lungs. Data shown are median + IQR combined from three independent experiments with 6-12 mice
per group. Kruskal-Wallis with Dunn’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; "*P > 0.05.

Correspondingly, this timeframe is also early enough in human life
that measures can be implemented to ward off allergic disease
later in life. We also show that the ability of lung DCs to mount a
Th2 response is dependent on the dose of allergen pre-exposure
with a low dose of HDM inducing a significantly attenuated Th2
response in comparison to a higher dose that endows the DCs
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with a far stronger Th2-inducing ability. While cDC2s were 2x
more abundant than cDC1s in all mice-whether WT or MCAT, or
naive or Tol, Tol WT mice showed a reduction in the number of
lung DCs, which was not observed in MCAT mice. Rather, there
was a slight increase in the number of ¢cDC2s in the lungs of Tol
MCAT mice as compared to that in naive mice resulting in a
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difference of ~3x more cDCs in Tol MCAT mice compared to that
in Tol WT mice. Similarly, lung macrophage numbers also showed
a trend in reduction in WT mice after tolerization. In addition, our
data suggest a propensity for increased expression of cDC2-
specific genes, S100a4 and Irf4, relative to expression of the cDC1-
specific gene, Irf8, in the DCs of Tol MCAT mice. Collectively, these
results show that H,0, production from lung DCs in response to
repeated exposure to a low dose of allergen in early life helps to
constrain DC numbers in the lungs of the mice.

Based on previous findings, it is possible that the level and
species of ROS matters with an optimal level of H,0, favoring
suppression of NF-kB activation and inflammation, as observed in
our studies and those of others'®3%3° but a relatively high level of
ROS including 02" favoring inflammation.*® AIT is achieved using
low doses of allergens and in our study a high dose of HDM failed
to induce tolerance suggesting that low doses of allergens
prevent accumulation of high levels of ROS.

Multiple studies published to date have examined the effect
of lipopolysaccharide (LPS) on allergic inflammation. In earlier
studies, a dose of ~100ng was reported to promote allergic
airway inflammation, whereas a higher dose (ug range) inhibited
the same process.*'*? The study of Rodriguez et al. attributed
the suppression to IFN-y produced by Th1 cells.*> Along the
same lines and relevant to our findings, a more recent study has
shown that unlike adult mice, infant mice (18-day-old—we used
14-day-old mice) are resistant to a relatively low LPS dose of 5
pg in the context of HDM sensitization and do not mount
appreciable high IFN-y* Th1 cells but a higher dose of 50 ug of
LPS, Th1 cells are induced.®® Essentially, infant mice did not
mount a Th1 response to a low LPS dose to the same degree as
an adult mouse. In our experiments, we used infant mice
(2 week old) who would be unresponsive to 5 ug or lower doses
of LPS and we used HDM with low LPS content. For our low HDM
dose of 0.5 pg/exposure, the average LPS content was 14.8 pg
that amounted to only 148 pg for the 10x higher HDM dose
used. Most importantly, and in agreement with the data of
Bachus et al.** our data showed a similar (but low) Th1 response
elicited at both doses and therefore we do not believe LPS
influenced the suppression of Th2 response caused by prior
exposure to a low dose of HDM.

Conventional DCs (cDCs) are present in the lung and most
tissues and have been classified into two major lineages, each of
which selectively expresses a set of cell surface molecules and
transcription factors that regulate the development and function
of DCs.*** The cDC1 subset of cDCs promotes Type 1 immune
response dependent on the transcription factors IRF8 and BATF3,
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whereas ¢DC2s, which promote Th2 and Th17 responses, require
IRF4.2°73> A recent study has also described inflammatory cDC2s
that show a mixed phenotype and mediate immune response
against respiratory viruses.?® Single-cell RNA-sequencing data in
this study identified S700a4 as another cDC2-specific gene.
S100A4 was previously associated with allergy and a Type 2
immune response in humans and mice.3® A siRNA-based screen
identified S700A4 as a candidate in a gene module that correlated
with seasonal allergic rhinitis in humans and expression of the
Th2-specific gene, IL-13.3% In addition, S700a4 '~ mice failed to
mount allergic inflammation. Notably, and relevant to our study,
DCs from S$100a4~'~ mice showed attenuated capacity to
stimulate T cells suggesting DCs to be an important cell type
that conferred Th2 capacity on T cells. It is also worth noting that
S100A4 is a secreted molecule that facilitates leukocyte adhesion
and cell migration.”**” Our data suggesting augmentation of
expression of cDC2-specific genes in ¢DCs warrant a more
comprehensive study in the future of differential gene program-
ming in lung ¢DCs in response to tolerizing conditions in the
presence or absence of mt H,0,.

At relatively lower doses, H,0, has been shown to cause cell
cycle arrest of different cell types including fibroblasts*® and
vascular smooth muscle cells* although high doses induce cell
death. It is unclear how repeated exposure to a low dose of
allergen in newborn mice impacts cell viability and proliferation of
lung DCs and macrophages. The decrease in cDC numbers in the
lungs of WT-Tol mice is reminiscent of a previous finding of
tolerance induced by apoptotic DCs due to suppression of DC
maturation and activation after uptake of the apoptotic DCs with
induction of antigen-specific Tregs.>® It seems plausible that the
reduction in DC numbers consequent to tolerance induction by
low dose allergen exposure imposes a similar restraint on immune
activation which requires further investigation. We not only
observed a decrease in the number of DCs in WT-Tol mice but
also detected a trend towards reduction in the number of lung
macrophages. This observation is in line with our previous study in
which we showed a regulatory role for PPARy expression in lung
CD11c* cells-both DCs and macrophages, in suppressing expres-
sion of pro-inflammatory cytokine genes in both cell types that
was important for the induction of airway tolerance.>' Importantly,
our recent study of human severe asthma has identified lung
macrophages expressing the Type 2 cytokine IL-4 in a subset of
these patients whose airways were enriched in IL-4+ innate
immune cells.>? It stands to reason, therefore, that tolerance
induces a contraction of both DC and macrophage numbers in
the lungs.
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Fig. 5 Decrease in DC and macrophage numbers in lungs of tolerized WT but not MCAT mice. Analysis of DCs and macrophages (Macs)
isolated from the lungs of WT or MCAT littermate mice. Mice were sensitized with low-dose HDM (0.5 g, referred to here as Tol) at 2 weeks of
age (Fig. 1a). Mice were sacrificed 24 h after the last sensitization. WT or MCAT mice without any HDM exposure were used as naive controls.
Cell numbers per mouse corresponding to total DCs, cDC1, and ¢DC2 subsets and macrophages in WT and MCAT mice under naive or
tolerized conditions. Data shown are mean + SEM combined from two independent experiments with DCs pooled from 3 to 4 mice in each
group in each experiment. Kruskal-Wallis with Dunn’s post hoc test. *P < 0.05.
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An increase in the relative expression of cDC2-specific genes in
MCAT-Tol DCs compared to that in WT-Tol DCs may be mediated
by increased NF-kB activation given that our previous study
showed the ability of H,0,, induced downstream of PPARy
activation, to inhibit NF-kB activation.'® A recent study of diabetes
mellitus has also implicated mitochondrial H,0, in inhibition NF-
KB activation.>® A role for NF-kB in IRF4 gene expression was
reported earlier.>® Similar to our findings, immune suppression by
nasal DCs in response to inhaled antigen was attributed to ROS
production in DCs> suggesting that DCs in the upper airways may
utilize a common mechanism of mitochondrial ROS/H,0, to
prevent unwarranted allergic responses to inhaled antigens.

Taken together, our experimental model suggests that induc-
tion of immune tolerance in the airways provides protection from
allergic airway disease by downsizing cDCs in the lungs with a
potential to regulate expression of cDC2-specific genes. The novel
insights gained in our study highlight an opportunity to prevent
allergic asthma in later life by exposure to low doses of allergens
in early life.

METHODS

Mice

B6.Cg-Tg(CAG-OTC/CAT)4033Prab/J, which are hemizygous transgenic
mice for the human catalase gene in mitochondria (referred to here as
MCAT mice), were purchased from Jackson Laboratories (catalog 016197).
For all experiments, both female and male mice were used at the indicated
age. The non-carrier (wild type) littermates were used as controls. B6.
Thy1.1-OT-Il TCR Tg (referred to here as OT-Il mice) were a gift from Lauren
Cohn (Yale University, New Haven, Connecticut, USA) and were used
between 8 and 12 weeks of age. All animals were housed under pathogen-
free conditions in the Department of Laboratory Animal Resources at
University of Pittsburgh and were used according to all applicable and
approved Institutional Animal Care and Use Committee protocols.

Mouse model of low-dose HDM-induced early-life airway
tolerance

HDM extract (from Dermatophagoides Pteronyssinus) was purchased from Greer
Labs (Cat # XPB70D3A2.5). We used HDM from three lots (317430, 348718, and
369446). For low HDM dose of 0.5 pg/exposure, the average LPS content was
14.8 pg that amounted to 148 pg for the 10x higher HDM dose used. The
models involved sensitization of mice with a low or a higher dose of HDM. A
third group was exposed to the vehicle (PBS) only and the fourth group was
naive mice that were used as negative controls. The protocol is depicted in
Fig. 1a. Experiments aimed at examining DCs after the sensitization phase were
terminated 24 h after the last HDM instillation (day 10). When the full model
was run, mice were sacrificed 24 h after the last challenge.

Bronchoalveolar lavage (BAL)

BAL was performed on anesthetized mice by infusion and recovery of 1 mL
sterile Ca®"- and Mg free PBS. 1.5 x 10° BAL fluid cells were dispersed onto
glass slides by cytospin followed by three-step Giemsa staining (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The percentages of
eosinophils, neutrophils, lymphocytes, and macrophages were enumerated out
of a total of ~300 cells by light microscopy. The absolute number of each cell
type was calculated based on the total BAL cell recovery from each mouse.

Lung histology

Right lobes of the lung were fixed in SafeFix Il (Thermo Fisher Scientific)
and were embedded in paraffin. Sectioned slides were stained with
Periodic Acid-Schiff (PAS) reagent to assess airway mucus. Cells infiltrating
the tissue around airways and blood vessels were also evaluated as an
indication of airway inflammation. As described previously,*® a scoring
system on a scale of 0 to 4 was used to grade the size of lung infiltrates
around the bronchovascular bundles from multiple fields per slide in a
blinded fashion. Briefly, a score of 0 signified a completely lack of
inflammation and a score of 4 represented a large (>3 cells deep)
widespread inflammatory infiltrate around the majority of bronchovasu-
cular bundles. Approximately 20 consecutive x20 fields were examined on
each slide. Inflammation scores were derived as a mean value per animal
and were compared between groups.
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mRNA isolation and quantitative real-time PCR

Mouse lung mRNA isolation and cDNA synthesis were as described
previously.>**” qPCR was performed using TagMan 2x Master Mix reagent
(Applied Biosystems, catalog 4304437) and validated Tagman gene
expression primer/probe sets (Life Technologies) that included: mouse
Hprt1 (Mm03024075_m1), mouse Ilfng (Mm01168134_m1), mouse /I-13
(MmO00434204_m1), mouse [I-177a (MmO00439618_m1), mouse [rf4
(MmO00516431_m1), mouse Irf8 (Mm00492567_m1) and mouse S100a4
(Mm00803372_g1). The PCR reactions were performed at the University of
Pittsburgh Genomics Research Core using ABI PRISM 7700 Sequence
System (Applied Biosystems). Results were analyzed using SDS 2.2.2 soft-
ware. Relative gene expression was determined by calculating 25
normalized to Hprt1.

Lung cell isolation and flow cytometry
Lungs of anesthetized mice were perfused with PBS and dissected. Tissues
were digested with 0.7 mg/mL collagenase (Roche, cat #10103578001) and
30 pg/mL DNase (Roche, Cat # 10104159001) in RPMI-1640 medium at 37°
C for 45 min then homogenized on a gentleMACS dissociator (Miltenyi
Biotec) according to the manufacturer’s protocol. The digestion reaction
was stopped by adding PBS containing 2% FBS and 0.5 M EDTA. Single-cell
suspensions were prepared by passing the homogenate through a 70 um
cell strainer (Fisher Scientific). Red blood cells were lysed using BD
Pharmlyse solution (BD Biosciences, Cat # 555899). For intracellular staining
of cytokines and transcription factors, the resulting single cells were
stimulated with 50 ng/ml PMA (Sigma-Aldrich, Cat # P8193) and 500 ng/ml
ionomycin (Sigma-Aldrich, Cat # 13909) along with Golgi trafficking
blocking reagents brefeldin A (BD Biosciences, Cat # 555029) and
monensin (BD Biosciences, Cat # 554724) for 2.5 h. Cells were stained
with viability dye FVD eFlour 780 (eBioscience, Cat # 65-0865-14) for
exclusion of dead cells. Cells were fixed, permeabilized and stained using a
Foxp3/Transcription Factor Staining Buffer Set (eBiosciences, Cat # 88-
8824-00) as per manufacturer's protocols. Cells were stained with
fluorochrome-conjugated anti-mouse antibodies as follows: eFlour 450
FoxP3 (eBiosciences, clone FJK-16s), BV605 TCR- (BD Biosciences, clone
H57-597), BV605 CD25 (BD Biosciences, clone OX-39), Alexa Flour 488
GATA-3 (BD Biosciences, clone L50-823), PerCP-Cyanine5.5 IL-17A (eBios-
ciences, clone eBio 17B7), PE RORyt (eBiosciences, clone eBio B2D), PE IL-5
(Biolegend, clone TRFK5), PE-CF594 IFN-y (BD Biosciences, clone XMG1.2),
PE-Cyanine7 IL-13 (eBiosciences, clone eBio 13A), APC T-bet (Biolegend,
clone 4B10), APC IL-10 (BD Biosciences, clone JES5-16E3), and Alexa Fluor
700 CD4 (Biolegend, clone RM4-5). Flow cytometry data were acquired on
a five-laser BD Fortessa (BD Immunocytometry Systems) or five-laser Cytek
Aurora (Cytek Biosciences) flow cytometer. Data were analyzed using
FlowJo software (TreeStar). For cell surface markers, thresholds of positivity
were determined using appropriate unstained samples. In the case of
intracellular transcription factors (FoxP3, T-bet, GATA-3, and RORyt)
fluorescence minus one (FMO) controls were used, which included staining
for all other relevant markers. Lastly, for cytokine expression, full panel
staining was performed on paired unstimulated and stimulated (PMA plus
ionomycin) samples. Gating hierarchies were then developed, and
thresholds of positivity were set based upon these criteria as appropriate.
For cell sorting, single lung cell suspensions were prepared by enzymatic
digestion as described above. We pooled lung cells from 3 to 4 2-week-old
pups that did not differ by more than 1 day in age for these experiments.
Pooling was necessary to obtain enough DCs from the lungs of the young
mice at the same time maintaining the expected profile of cDC2:cDC1 ratio
of 2:1 in the lungs of naive WT mice.?® The cells were pre-enriched by
positive selection via incubation with CD11¢ magnetic beads followed by
passage over LS separation columns, both according to the manufacturer’s
protocols (Miltenyi Biotec). CD11c-enriched cells were first incubated with
Fc Block (Biolegend, clone 93) diluted 1:100 for 15mins at 0°C, then
stained with optimally diluted FITC anti-MHC Class Il (Southern Biotec,
clone NIMR-4), PE anti-CD26 (Biolegend, clone H194-112), and PE Dazzle
594 anti-CD64 (Biolegend, X54-5/7.1) for 30 min at 0°C in the dark. The
cells were washed and resuspended in PBS for sorting. The gating
strategies for alveolar macrophages and total cDCs were as described by
Bosteels et al.?® Macrophages were identified as CD11c+, autofluorescence
high, and cDCs were CD11c+, MHC Class Il high, CD26 high, CD64 low.
Sorting was performed on a FACSAria Il instrument (BD Immunocytometry
Systems). Test sorts were done initially on a small number of cells to
confirm the purity of the isolated populations, then the remaining cells
were sorted directly into tubes containing RLT lysis buffer (Qiagen) for RNA
isolation. For some experiments cDC1 and c¢DC2 were specifically purified
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by cell sorting. This was performed by adding PE-Cyanine7 anti-CD172a
(Biolegend, clone P84), APC anti-XCR1 (Biolegend, clone ZET) and Alexa
Fluor 700 anti-FceRla (Biolegend, clone MAR-1) to the panel above. After
gating out monocyte-derived DCs (CD647CD26'%), within total DCs
detected as CD11c"MHC Class I"9"CD26"9"CD64"Y, cDC1s were identi-
fied as XCR1TCD172" and cDC2s as XCR1~CD172a* MAR-1~ cells.?®

In vitro DC and T-cell co-culture

Single-cell suspensions were prepared from whole lungs or lung draining
mediastinal lymph nodes (mLNs). Lung DCs were enriched from single-cell
suspensions using CD11c ultrapure magnetic beads (Miltenyi Biotec,
catalog 130-125-835). For lung DCs, the enriched cells were further purified
by fluorescence-activated cell sorting based on the phenotype MHC class
II" CD11c¢" SiglecF using a FACSAria cell sorter that yielded >94% purity.
Anti-mouse antibodies used for DC sorting were as follows: FITC MHC class
Il (SouthernBiotech, clone NIMR-4), APC CD11c (Biolegend, clone N418) and
PE SiglecF (BD Biosciences, E50-2440). Naive CD4" T cells were isolated
from spleens of OT-Il mice, the OVA-responsive TCR transgenic mice, using
a naive CD4" T-cell isolation kit (Miltenyi Biotec, catalog 130-104-453).
Isolated naive CD4" T cells (1x10° cells/well) were co-cultured with
purified lung DCs (2 x 10* cells/well) in a U bottom 96-well plate in
complete cell culture medium described before.>® OVA peptide (20 ug/ml)
(OVA333.330) was added for the duration of the culture incubation. Cultures
were incubated for 5 days and the cell culture supernatants were collected
for cytokine assay using Bio-Plex multiplex immunoassay kit (Bio-Rad). Cells
were stimulated with PMA/lonomycin/GolgiStop, stained for live and dead
cells, fixed and stained for surface markers, intracellular cytokines and
transcription factors.

Assay of serum total IgE
Serum total IgE concentration was measured using mouse IgE ELISA kit
(Invitrogen, catalog 88-50460) as previously described.>®

Measurement of catalase activity

Single-cell suspensions were prepared from spleen and lung, and CD11c
positive/negative cells were isolated as needed using CD11c ultrapure
magnetic beads as described above. Cells were lysed by quick freeze/thaw
followed by sonication using an Ultrasonic Liquid Processor (Misonix Inc,
model XL2020) under the setting of 30% amplitude/30s on/30's off over 4
cycles. The resulting homogenate was centrifuged at 10,000 x g for 15 min
at 4 °C. The supernatants were collected to measure catalase activity using a
Catalase Colorimetric Activity Kit (Invitrogen, catalog EIACATC). Protein
concentration in each sample was determined using a Protein Assay kit
(Bio-Rad). Catalase activity was normalized to protein concentration (U/mg).

Assay of secreted H,0,

Cell culture medium after various treatments was collected, centrifuged to
remove any residual cells, and stored at —80°C until further use. The
concentration of released H,O, was determined using an Amplex’ Red
Hydrogen peroxide/Peroxidase Assay Kit (Invitrogen, Cat # A22188) as
previously described."®

Assessment of AHR

For assessment of lung function, mice under anesthesia using xylazine (12/
mg/kg), sodium pentobarbital (90 mg/kg) and pancuronium bromide (0.8
mg/kg) were subjected to the forced oscillation technique (FOT) using a
flexiVent PFT apparatus (SCIREQInc). Perturbation with increasing doses of
inhaled methacholine was made to measure the airway responsiveness.

Statistical analysis

Unpaired Student's t test, Mann-Whitney U test, Kruskal-Wallis, or two-way
ANOVA were used for statistical analysis as appropriate. P<0.05 was
considered significant. The GraphPad Prism 9 software was used for the
rest of statistical analyses.
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