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Abstract

Despite IL-9 functioning as a pleiotropic cytokine in mucosal environments, the I1L-9-responsive
cell repertoire is still not well-defined. Here, we found IL-9 mediates pro-allergic activities
in the lungs by targeting lung macrophages. IL-9 inhibits alveolar macrophage expansion
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and promotes recruitment of monocytes that develop into CD11¢* and CD11c™ interstitial
macrophage populations. Interstitial macrophages were required for IL-9-dependent allergic
responses. Mechanistically, IL-9 affected the function of lung macrophages by inducing Argl
activity. Compared to Argl-deficient lung macrophages, Argl-expressing macrophages expressed
greater amounts of CCL5. Adoptive transfer of Argl* lung macrophages but not Argl~ lung
macrophages promoted allergic inflammation that //9r7~ mice were protected against. In parallel,
the elevated expression of I1L-9, IL-9R, Argl and CCL5 was correlated with disease in asthma
patients. Thus, our study uncovers an IL-9/macrophage/Arg1 axis as a potential therapeutic target
for allergic airway inflammation.

One Sentence Summary:

IL-9 promotes allergic inflammation by altering the heterogeneity and function of lung
macrophages.

Introduction

Macrophages are the most abundant immune cells during homeostasis and a major antigen-
presenting cell in the lung that bridges the innate and adaptive immune responses during
disease development. Alveolar macrophages (AM) and interstitial macrophages (IM) are the
two major heterogeneous lung macrophage populations (1). AMs reside in the alveoli, are
directly in contact with the environment, and are derived from fetal liver and embryonic
monocytes, maintaining a high level of self-proliferation. IMs are located in the interstitium
and a represent small proportion of lung macrophages during homeostasis (1). Upon
challenge, blood monocytes are recruited to the lung, where they can develop into IMs (1,
2). IMs were considered to be a uniform cell population but recent studies have challenged
this paradigm and demonstrated that IMs can be divided into 2 or 3 distinct subpopulations
(3, 4), including a CX3CR1* SiglecF* transitional macrophage identified by single cell
RNA sequencing analysis and demonstrated to have profibrotic effects (5). These studies
support the idea that lung IMs are a heterogeneous pool; however, our understanding of the
heterogeneity of IMs under various disease states and their function during various immune
responses is limited.

IL-9 plays a pleiotropic role in disorders including allergic disease and inflammatory bowel
disease (6). It activates intracellular signaling by binding to IL-9 receptor (IL-9R) consisting
of a unique alpha chain (IL-9Ra) and a common gamma chain shared with other family
cytokine receptors including 1L-2 and IL-4 (7, 8). IL-9R is expressed in multiple cell types
including activated T cells, ILC2s, memory B cells and mast cells (6, 9-15). Numerous
studies report that 1L-9/IL-9R signaling can promote allergic inflammation characterized by
the induction of chemokines and recruitment of eosinophils (16-18). Asthmatic patients also
expressed high amounts of /L9and /L9R (16, 17, 19). IL-9 enhances allergic responses

by directly regulating mast cell function and also indirectly affecting other cells such as
eosinophils, B cells and epithelial cells (6, 15). Nonetheless, the entire IL-9-responsive cell
repertoire is still unclear.
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As one of the most abundant immune cells in the lung, macrophages are key players in
allergic responses. Previous studies showed that I1L-9 affects the oxidative burst of human
blood monocytes and AMs but little is known about how IL-9 affects the heterogeneity

of lung macrophages and how that function might be linked to disease development

(20, 21). In this study, we defined a comprehensive IL-9-responsive repertoire in allergic
lung environment. We found that there are 3 distinct I1L-9-responsive lung macrophage
populations in the allergic lung. IL-9 inhibits the proliferation of AMs, promotes monocyte
migration to the lung, and expands the IM population. More importantly, the induction

of CD11c* IM is mediated by IL-9 signaling in the context of allergic inflammation.
Macrophages are the key drivers of 1L-9-mediated immune response, with IL-9 regulating
macrophage function by increasing Argl expression and arginase activity. Compared to
Argl~ macrophages, Argl* macrophages express greater CCL5, a chemokine that promotes
allergic airway inflammation through recruitment of eosinophils (22). Adoptive transfer of
Argl-expressing macrophages restores allergic inflammation in //9r 7~ mice. Importantly,
evidence of the 1L-9-macrophage-Argl axis was also found in asthma patients. Thus, our
study advances the current understanding of I1L-9-mediated allergic response and provides a
rationale for targeting IL-9-responsive lung macrophages in therapeutic development.

Deficiency of IL-9R inhibits allergic airway inflammation

Asthmatic patients express high amounts of IL-9 and IL-9R (16, 17, 19), and among all
organs, the lung has one of the highest /L 9R expression patterns in healthy donors (Fig.
S1A). Although IL-9 can affect multiple cell types, the cells that directly respond to IL-9
in the lung are not well studied. To begin to explore this question in the context of a
proallergic environment, we used a chronic house dust mite (HDM) challenge model (Fig.
1A). Compared to WT mice, /977~ mice showed less lung inflammation demonstrated

by decreased airway resistance (Fig. 1B), cellular infiltration of the lung (Fig. 1C, Fig.
S1B), total bronchoalveolar lavage fluid (BALF) cell numbers (Fig. 1D), BALF eosinophils
(Fig. 1E), lung eosinophils (Fig. 1F), HDM-specific IgE production (Fig. 1G) and mucus
production (Fig. 1H and I). In our model, IL-9R-deficiency inhibited accumulation of mast
cells (Fig. 1J and K, Fig. S1C), a well-known 1L-9-responsive cell, and serum MCPT1
production (Fig. 1L). Serum MCPT1 was undetectable in PBS-challenged mice (Fig. 1L).
The loss of IL-9R did not significantly affect the numbers of T cells, B cells, or cytokine
production from CD4* T cells (Fig. S1D and E). These results show that IL-9 signaling is
critical in a chronic allergic lung inflammation model /n vivo. Consistent with published
reports (6, 15), CD4* T cells were major I1L-9 producers in the chronic allergic response
(Fig. 1M and S1F).

To broadly determine the contribution of hematopoietic and non-hematopoietic cells to
IL-9-dependent allergic responses, a bone marrow (BM) chimera experiment was performed
(Fig. IN). Compared to the WT bone marrow to WT recipient chimera group (WT — WT),
the overall inflammation in both WT — //9r7~and //9r7~ — WT chimeras was diminished
(Fig. 10-S), indicating both hematopoietic cells and non-hematopoietic cells responded to
IL-9 and contributed to allergic inflammation. However, there was a greater impact of loss
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of IL-9R in hematopoietic cells (Fig. 10-S) suggesting a stronger effect of IL-9/IL-9R
signaling in hematopoietic cells during an allergic response.

Lung macrophages are key IL-9 responders in allergic pulmonary inflammation

We further observed lung F4/80* CD206* macrophages decreased in the /977~ group
compared to the WT group (Fig. S2A). To better understand how different pulmonary
macrophage populations respond to IL-9 during allergic responses, we examined AM and
IM separately to track their activities. Total lung macrophages were identified as CD64*
MerTK™* cells (Fig. 2A). AMs and IMs were distinguished by SiglecF and CD11c expression
(Fig. 2A). In naive mice, AM were the major pulmonary macrophage, while IM composed a
small proportion of the total lung macrophages (Fig. 2A). During the allergic response, lung
macrophages were present in three populations: AMs, CD11c™ IMs and a third population
that we termed CD11c* IMs, which is supported in subsequent analyses (Fig. 2A and

B). Among them, the CD11c* IM population expanded considerably after HDM challenge
(Fig. 2A and B). We did not observe a population of CX3CR1" CD11c* SiglecF™ cells

as previously noted in fibrosis models (Fig. S2B) (23-25). During development of allergic
inflammation, the loss of //9or //9rresulted in greater maintenance of the AM population
and the reduced accumulation of CD11c™ and CD11c* IMs (Fig. 2A and B, S2C). Using

a mixed bone marrow chimera approach to generate a model with WT and //9r7~ cells

in a uniform allergic inflammation (Fig. S2D), we defined intrinsic effects of IL-9R loss.
1197~ bone marrow cells had a decreased propensity to become IMs; the majority of AMs
in the BAL have recipient mouse origin, and there was no significant difference in monocyte
chimerism (Fig. 2C, Fig. S2E-F). To test whether these observations are consistent in

other allergen-induced allergic disease model, we performed similar experiments with A.
fumigatus (ASP)-induced allergic disease model. Consistent with results from the HDM
model, IL-9 signaling inhibited AM and promoted CD11c™ and CD11c* IMs (Fig. S2G).
Altogether, these data demonstrated that lung macrophage populations have discernable
changes in response to 1L-9 during allergic lung disease.

To further define if lung macrophages directly responded to I1L-9, we assessed IL-9R
expression on lung cell populations (26). In PBS-treated mice, mast cells, basophils,

DCs and AMs are the major IL-9R* cells (Fig. 2D). During chronic allergic challenge,
macrophages occupied an increased proportion of IL-9R™ cells (Fig. 2D). Moreover,
macrophages expressed greater IL-9R than other populations (Fig. 2E and F, S2H). To assess
if IL-9 is sufficient to control the redistribution of lung macrophages, IL-9 was intranasally
administered to naive mice for three days (Fig. 2G). Consistent with the results in allergic
models, intranasal injection of IL-9 led to the redistribution of lung macrophages and
increased mast cell numbers, but IL-9 alone did not alter IL-9Ra expression (Fig. 2H, S2I).
IL-9 injection failed to alter type 2 cytokine expression in CD4* T cells (Fig. S2J). Thus,
macrophages are a prominent IL-9-responsive cell type during allergic lung inflammation.

Since we demonstrated that lung macrophages respond to 1L-9 in allergic inflammation
with altered dynamics, we next defined whether this is an 1L-9-specific effect. Blocking
antibodies against IL-9 or another type 2 cytokine, IL-13, were given to mice for the last
two weeks of HDM challenges (Fig. 21). Airway resistance was decreased in mice receiving
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anti-1L-9 treatment (Fig. S2K). Blocking IL-9 signaling increased AMs and inhibited the
two IM populations, similar to the pattern observed in //9r7~ mice (Fig. 2J and S2L).

In contrast, anti-1L-13 antibody failed to alter the lung macrophage populations (Fig. 2K
and S2M). Blocking I1L-9 or IL-13 did not significantly affect reciprocal cytokine or other
type 2 cytokine production in the lung (Fig. S2N-P). We further examined whether IL-9
alters macrophage populations by regulating IL-4R signaling. IL-4R expression in lung
macrophages was not affected by IL-9 treatment in naive mice or IL-9R deficiency in HDM
model (Fig. S2Q and R). /47~ mice demonstrated decreased BAL total cell number (Fig.
S2S), but comparable IL-9 detected in the BALF of WT mice and /47~ mice (Fig. S2T).

In contrast to observations in //9///9r-deficient mice or with blocking IL-9, IL-4R deficiency
resulted in increases of both AMs and CD11c™ IMs (Fig. S2U), while CD11c* IMs were
increased in /47~ mice receiving anti-1L-13 treatment (Fig. S2U). Together, these results
suggest that I1L-9 is distinct among type 2 cytokines in a broad scope of altering macrophage
responses, and that blocking IL-9 at a late stage in the allergen challenge protocol results in
similar changes to the macrophage populations as germ-line deletion of //9or //9r.

Heterogeneity of pulmonary macrophages and blood monocytes in allergic inflammation

To better define the heterogeneity of pulmonary macrophages upon allergic response,

a cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) with cell
hashing experiment was performed. CD64+*MerTK™ total lung macrophages and CD115*
blood monocytes were sorted from HDM-challenged mice, and further labelled by

hashtag oligonucleotide (HTO) antibodies separately. Lung macrophages were stained with
Antibody Derived Tag (ADT) antibodies against CD11c and SiglecF. Lung macrophages and
blood monocytes were pooled for analysis with the 10X Genomics Chromium platform (Fig.
3A). Twenty-three clusters were identified from the transcriptome data and visualized by
UMAP projection (Fig. 3B and S3A). As defined by HTO labeling of sorted cells, 6 clusters
were blood monocytes and 14 clusters were lung macrophages. Some clusters were either
dead cells or non-monocytes/macrophages and were excluded from further analysis (Fig. 3B
and C, Fig.S3A). Based on the ADT-defined protein expression profiles and standard cell
identifying gene profiles, we clustered cells as AM, CD11c¢™ IM, and CD11c* IM (Fig. 3D
and E, Fig. S3B). Several small clusters were ADT-SiglecF* but did not have SiglecfFmRNA
and were excluded from analysis.

To further identify the relationship among these clusters, a pseudotime analysis was
performed using CCR2* monocytes as the root cell type. We found that CD11c™ IM were
most closely related to blood monocytes, and AM shared the least similarity with either
CD11c™ IM or blood monocytes (Fig. 3F and S3C). Pseudotime relationships were not
altered among cells from /97~ mice, suggesting that I1L-9 impacts effector recruitment
and/or function but not differentiation (Fig. S3C). Consistent with the gene expression
profile, the CD11c* IM were more related to blood monocytes and CD11c™ IM than AM
(Fig. 3F). CD11c* IM also shared similar morphology with CD11c™ IM. Both populations
displayed vacuoles in their cytoplasm and nucleus, whereas AM demonstrated more regular
round or oval shape nuclei (Fig. 3G). Hence, we defined this population as CD11c* IM.
Although various pulmonary macrophage populations shared some common transcriptional
profiles, they also exhibited distinct gene expression patterns (Fig. 3H-J and S3D).
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Moreover, even within each population, transcriptional heterogeneity further defined subsets
of cells (Fig. 3J). Nos2and Folr2 are exclusively expressed in CD11c* IM clusters (Fig.

3l and S3E). Cd72is preferentially expressed in CD11c™ IM (Fig. S3E). Blood monocytes
shared some common markers with IM including 7mem176aand Tmem176b (Fig. S3G),
and also expressed unique genes such as 7rem14 (Fig. S3E). The loss of //9r caused
alterations in gene expression in both blood monocyte and lung macrophage populations
(Fig. 3K-L and S3F-G). IL-9 signaling significantly promoted chemokine expression in
macrophage populations (Fig. 3L and S3F-G). Thus, lung macrophages not only act as I1L-9
responders, but potentially contribute to the 1L-9-dependent allergic response.

Lung macrophages amplify IL-9-mediated allergic lung inflammation

To further dissect if the altered lung macrophage dynamics are a critical component in

the development of the allergic response, we first tested whether depleting macrophages
would impact allergic airway inflammation. We depleted macrophages in the airway or

IM and circulating monocytes by administering clodronate intranasally or intravenously,
respectively (Fig. 4A). Consistent with previous studies, intranasal clodronate injection
primarily depleted the AM without affecting the CD11c™ IM (Fig. S4A and B) (27, 28). This
treatment did not alter the CD11c™ IM (Fig. S4B), indicating the majority of this population
does not reside in the airway. Intravenous injection of clodronate successfully depleted blood
monocytes and CD11c™ IM, but not the AM population (Fig. 4B, S4C and D). Strikingly,

it significantly depleted the CD11c* IM, further supporting that they are indeed residing in
the tissue (Fig.4B and C, S4E). Importantly, WT mice developed reduced lung inflammation
similar to //9r7~ mice after depletion of monocytes and IMs (Fig. 4D—F, S4F—H), which
supports the possibility that blood monocytes and IMs are required for the development of
allergic airway inflammation.

Since the clodronate injection might affect other cell populations, such as monocytes and
DCs (Fig. S4C and S41), we further defined the functional contribution of the macrophage
populations by an adoptive transfer experiment (Fig. 4G). Intranasal adoptive transfer of WT
CD11c™ IM or CD11c* IM increased airway resistance and lung eosinophil infiltration in
119r~~ mice (Fig. 4H and ). Donor cells were successfully detected in the lung interstitium
(Fig. 4J and S4J-K), and percentages of DCs were not affected by treatment (Fig. S4L).
Donor DCs were not detected in mediastinal LN (MLN) (Fig. S4M). Compared to WT mice,
the //9r~7~ mice that received PBS showed much smaller MLN and transferred AM did not
affect the size of the lymph node (Fig. 4K). However, transfer of either CD11c™ IM or
CD11c* IM resulted in enlarged MLN to a size comparable to WT mice (Fig. 4K). Mice that
received CD11c* IM, had significantly larger lymph nodes than the WT mice (Fig. 4K). This
was consistent with increased total cell numbers in the MLN (Fig. 4L). Collectively, these
findings suggest that lung macrophages, particularly CD11c* IM and CD11c¢™ IM, contribute
to IL-9-induced allergic airway disease.

IL-9 enhances allergic inflammation via recruiting monocytes

To further explore the underlying mechanisms on how IL-9 alters the subpopulations of
lung macrophages, we examined the proliferation and cell death of macrophages during
the allergic response. Deficiency of //9rincreased the proliferation of AM indicated by
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higher amount of Ki67 but did not affect the rate of cell death (Fig. S5A and B). Both

WT and //9r7~ IM showed similar capacity for proliferation and cell death, suggesting
other mechanisms were involved in the regulation of IM by IL-9 (Fig. S5A and B). The
efferocytosis capacity of lung macrophages was not affected by the loss of //9r (Fig. S5C).
Since monocytes are a major source of increased IM in inflammatory environments (2),
we hypothesized that IL-9 might affect monocyte recruitment to the lung. Compared to
WT mice, the //9r7~ mice treated with HDM retained more monocytes in blood and bone
marrow (Fig. 5A and B). However, IL-9R expression was positively correlated with CCR2
expression, a key chemokine receptor required for classical monocyte migration (Fig. 5C
and D). These data suggested that IL-9 might regulate classical monocyte migration to

the lung via CCR2. To directly test this, we performed a migration assay, in which 1L-9
and/or CCL2 were added to the lower chamber of a transwell and bone marrow-derived
monocytes were placed in the upper chamber before cells were allowed to migrate for 3
hours. IL-9 exclusively promoted monocyte migration in the presence of CCL2 (Fig. 5E).
Human monocytes from healthy donors also expressed IL-9R, which is consistent with
previous studies (Fig. 5F) (21). IL-9 enhanced CCL2-stimulated human PBMC-derived
monocyte migration, which likely results from the upregulation of CCR2 following IL-9
treatment (Fig. 5G and H). In parallel, we observed that peripheral blood CD14* monocytes
from children with a diagnosis with asthma showed increased IL-9R expression compared
to monocytes from children that are atopic but did not have physician-diagnosed asthma
(Fig. 51) (29-31). Together, these results suggest that 1L-9 promotes the capacity of classical
monocytes to migrate to the allergic lung.

Since the results above supported the idea that IL-9 promotes CCR2-dependent monocyte
migration, we tested whether CCR2* monocytes were required for the accumulation

of CD11c™ and CD11c* IM. Following administration of a CCR2 inhibitor to mice

in the HDM model (Fig. 5J), there were increased BM monocytes and reduced lung
monocytes, compared to control mice (Fig. 5K and L, S5D). This confirmed that the
inhibitor successfully arrested the monocytes in the bone marrow. Furthermore, the inhibitor
significantly reduced CD11c™ and CD11c* IM but had no impact on AM (Fig. 5M and
S5E), supporting the hypothesis that CD11c™ and CD11c* IM accumulation in the lung
were dependent on CCR2* monocytes. To further confirm this, we isolated BM monocytes
from HDM-challenged mice and transferred them to WT CD45.1 recipient mice. IL-9 and
HDM were given to the recipient mice for 7 days to establish an environment for monocytes
to differentiate into IM (Fig. S5F). Mice that received WT monocytes showed slightly
increased donor monocytes and CD11c¢™ IM in the lung, and significantly more CD11c*

IM than mice that received /97~ monocytes (Fig. S5G and H). The number of AM was
not altered by the donor cells (Fig. S51). In addition, the WT but not the /97~ monocyte
recipients showed strongly elevated BALF total cell numbers, lung eosinophils and lung
inflammation (Fig. S5J-L). To assess the effect of IL-9 signaling on monocytes, fluorescent
bead-labeled monocytes were transferred into //9r7~mice (Fig. 5N) (32). Flow cytometric
analysis of bead-labeled monocytes showed that IL-9 signaling promotes monocytes to
become lung IMs (Fig. 5N). Together, these results demonstrated that mechanistically, 1L-9
inhibited the self-renewal capacity of AM and promoted monocyte recruitment to the lung
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for subsequent development into IM. Moreover, IL-9 signaling induces the pro-allergic
function of monocytes and 1Ms.

IL-9 impacts lung macrophage function by regulating Argl expression

As IL-9 signaling is required for the pro-allergic effect of lung macrophages, we next
wanted to define the underlying mechanism of IL-9-mediated lung macrophage function. We
found that ArgI was one of the most differentially expressed genes from our CITE-Seq data
(Fig. 6A), and Argl has been shown to be a key factor related to the pathogenesis of asthma
(33). Thus, we hypothesized that Argl might be a potential effector in the 1L-9-macrophage
axis. Consistent with our CITE-Seq data, Argl protein expression was substantially reduced
in lung IM populations in //9r~7~ mice with allergic inflammation (Fig. 6B). IMs were

the predominant Arg1* macrophages in this model (Fig. S6A). In the mixed bone marrow
chimeric mice described in Fig. S2D, the increased proportion of Argl* IMs, but not AMs,
from WT donors further confirms that IL-9 signaling regulates Argl expression (Fig. 6C
and S6B). Because Argl is also a marker for immunosuppressive macrophages and to
confirm that differential expression is related to functional differences, arginase activity was
measured in total lung macrophages and serum from HDM-treated mice (Fig. 6D and E). In
accordance with the diminished expression of Arg1, //9r7~ mice also showed significantly
lower arginase activity than WT mice (Fig. 6D and E). Moreover, IL-9 promoted ArgZ
expression from 1Ms both /n vivo and after ex vivo stimulation (Fig. 6F and G). Loss of
IL-9R did not impact Argl production of IMs in response to ex vivo stimulation of I1L-4
and IL-13 (Fig. S6C). ILC2s have also been shown to be an important Argl producer (35),
and while 1LC2s did expand early during the chronic challenge (Fig. S6D), Argl expression
from ILC2s in //9r”~ mice was comparable to WT mice (Fig. S6E). Together, these data
suggest that Argl is a downstream target of 1L-9 signaling in lung macrophages.

To test whether Arg1l* macrophages contribute to 1L-9-mediated allergic responses, Argl-
expressing or non-expressing macrophages were sorted from Argl YFP reporter (YARG)
mice that were subjected to HDM challenge, and subsequently transferred into //9r7~
mice (Fig. 6H). YFP* macrophages migrated to the lung (Fig. 61) and restored the Argl*
macrophage population in the lung of /97~ mice (Fig. 6J). Strikingly, YFP* (Arg1*)
macrophages successfully rescued allergic lung inflammation in //9r7~ mice, while YFP~
macrophages did not (Fig. 6K-M, S6F).

To directly test the requirement for Argl in allergic lung inflammation, Arg2™Lysm-
Cre* or littermate control mice were challenged with HDM; Arg17/f[ ysM-Cre* showed
decreased Argl expression in IMs and lower serum arginase activity (Fig. 7A and S6G).
Lung macrophages were the major Argl producers /in vivo (Fig. S6H). Mice lacking Argl
expression in myeloid cells showed significantly decreased allergic inflammation, indicated
by decreased BALF total numbers, BALF eosinophils, lung eosinophils and MLN cell
numbers (Fig. 7B-E). Interestingly, consistent with the decreased Cc/5 expression from
119r”~ IMss in our CITE-Seq data (Fig. 7F), Argl-deficient IMs also demonstrated lower
CCLS5 expression than control IMs (Fig. 7G), which is also consistent with the lower level
of serum CCLS5 in both Arg2™f[ ysM-Cre* and //9r”~ mice (Fig. 7H and 1). In response to
IL-9 stimulation /n vitro, Argl* macrophages secreted more CCL5 than Argl™ macrophages
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(Fig. 7J). IL-9 also increased CCL5 expression from IMs in vivo (Fig. 7K). Furthermore,
IL-9 expanded the Argl* CCL5" IM population in naive mice, and CCL5 is exclusively
expressed in Argl* IMs (Fig. 7L). Moreover, in a uniform inflammatory environment, Argl*
IMs from HDM-treated mice expressed more CCL5 than Argl™ IMs (Fig. 7M). These
results suggest that IL-9 regulation of allergic airway inflammation requires Argl expression
in lung macrophages, and Argl* IMs secrete more CCL5 to induce eosinophil-mediated
allergic inflammation.

Consistent with the results from murine cells, IL-9 promotes CCL5 expression from human
bone marrow-derived macrophages (Fig. 7N). To further detect if this paradigm is observed
in patient samples, we analyzed IL-9 concentration and arginase activity from a well-defined
population of atopic children (29, 30) and IL-9 produced from infant PBMCs was inversely
correlated with parameters of lung function (36). Atopic children with asthma diagnosis

at age 5 showed increased I1L-9 production from anti-CD3-stimulated PBMCs that was
inversely correlated with lung function and associated with increased serum arginase activity
compared to children that are atopic but did not have physician-diagnosed asthma (Fig.

7P and Q). Compared to non-asthmatic patients, asthmatic patients also showed increased
CCLS5 expression (Fig. 7R). IL-9 production is positively corelated to serum CCL5 level
(Fig. 7S). Collectively, these data suggest that IL-9 regulates allergic airway inflammation
by increasing the expression of Argl and CCL5 in lung macrophages.

Discussion

Lung macrophages play an important role in maintaining immune homeostasis and fine-
tuning immune responses. During an immune response, de novo monocytes migrate

to inflammatory sites and develop into macrophages. Monocyte-derived macrophages

had been regarded as a uniform interstitial macrophage population (1, 37). Recently,
emerging studies showed that interstitial macrophages are actually heterogeneous and can be
distinguished into Lyvel'®© MHCII" CX3CR1M and Lyvel MHCII'® CX3CR1!° populations
(4). Additional studies defined IM populations using expression of CD206, CD11c, and
MHCII (3, 4, 38). However, these studies focused on the classification of IM in a steady
state, and only some of them showed functional differences among the subsets in type 1
immune response (5, 39). Focusing on the heterogeneity and function of lung macrophages
in allergic disease, this report demonstrates how lung macrophages contribute to I1L-9-
mediated allergic inflammation. Our results demonstrate that macrophage populations are
among the cells that express the most IL-9R in the allergic lung. Interstitial macrophages are
capable of conferring IL-9R-dependent allergic inflammation in /97~ mice. Critical target
genes of IL-9R signaling include ArgZ and Cc/5, and Argl is required for macrophages to
promote allergic inflammation. We also found evidence that this pathway is conserved in
human asthma patient samples.

IL-9 is known to enhance type 2 immune responses in allergic diseases (6), with mast cells
being direct IL-9-responsive cells in asthma (15, 18). Additional studies have implicated
IL-9 in the functions of multiple cell types, including Th2 cells, epithelial cells and B

cells (9, 14, 16). However, knowledge about IL-9-targeted cells is still limited. In this
study, we assessed IL-9R expression across various cell types to identify IL-9-responsive
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populations in allergic airway inflammation. Unexpectedly, lung macrophages occupied a
significant proportion of the IL-9R* cells. They also express relatively high amounts of
IL-9R compared to other cell types, such as eosinophils and neutrophils. Currently, only a
few studies have focused on the direct impact of 1L-9 on macrophages, including identifying
microglia as a downstream target of IL-9 in multiple sclerosis. Moreover, IL-9R expression
has been detected in human blood monocytes and alveolar macrophages (20, 21, 40).
Overall, IL-9 regulation of interstitial macrophages in diseases states is poorly understood.
Our results suggest lung macrophages are not only an IL-9-responsive population, but also a
key driver of the allergic response by secreting Argl and eosinophil-attracting chemokines.

A recent report showed the presence of the CD11c* IM in OVA-induced allergic
inflammation (41). Here, we found that the induction of CD11c™ IM is highly dependent

on IL-9 signaling. This population acts as a key component for IL-9-mediated allergic
responses, demonstrated by the restoration of disease progression in adoptive transfer
experiments. Although this study has advanced the understanding of the functions of lung
IM in the allergic environment, further studies are required to investigate the transition from
monocytes to IM populations in various microenvironments, their biological functions in
specific inflammatory responses, and their transcriptional programs.

Argl is one of the most important enzymes that regulates macrophage functions (42)

and is a marker of macrophage alternative activation. Demonstration of Argl function in
asthma models has been controversial and may vary with model or genetic background

of the mice (43-51). In particular, Barron et al used Argl conditional mutant mice on a
BALB/c background and with Cre expression that deleted in all hematopoietic cells and
demonstrated a limited role for Argl in lung inflammation (52). Our studies deleted Argl
more specifically in the myeloid compartment and were on a C57BL/6 background. It

is possible that differences are observed due to compensation resulting from deletion in
distinct populations between the models or from differences in protocols. It is also possible
that in a genetic environment that is highly skewed towards type 2 inflammation as in

the BALB/c mice, Argl is dispensable. In our studies however, Argl in macrophages is
clearly required. In immune models where Argl function has been demonstrated, it appears
to suppress inflammation potentially by depleting Arg in the environment(53, 54). This
suppressive function is not consistent with pro-allergic function observed in our preliminary
data and other studies, as well as patient samples where increased Argl expression and
arginase activity are associated with progressive asthma development (33, 43-45). Together,
these observations suggest that function of Argl in the lung may be dependent on the
inflammatory milieu and the genetic environment.

The stimuli for Argl expression in lung macrophages during disease is still not clear.
Previous studies have shown that IL-4 and IL-13 can induce Argl expression and promote
an immunosuppressive macrophage phenotype (42). Here, we found IL-9 induced Argl
expression in lung macrophages in both naive and HDM-treated mice. Using mixed bone
marrow chimeric mice, we found IL-9 signaling in IMs is intrinsically required for Argl
expression. //9r”~ IMs express IL-4R and responded to IL-4 or 1L-13 to induce Argl
indicating the requirement for IL-9 even in the presence of normal IL-4/IL-4R-induced
Argl expression. Collectively, these results suggest that Argl is an important effector for
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IL-9-mediated macrophage function. Further investigations on how IL-9 promotes Argl
expression in lung macrophages and whether this regulation is conserved in other diseases
are required.

ILC2s have been shown to be important IL-9 producers and responders (11, 34), and

are particularly important in acute allergic inflammation. ILC2s have also been shown to
produce Argl in type2 inflammation (35), but Argl expression in ILC2s in the chronic
allergic airway inflammation model was not impaired in the absence of 1L-9 signaling.
Moreover, the studies using clodronate depletion, macrophage adoptive transfer, and
myeloid cell deletion of Argl argue against ILC2s as responders to IL-9 or as sources

of Argl. Thus, while ILC2s are important for the development of allergic inflammation in
some contexts, there is no evidence that they contribute to the IL-9/macrophage/Argl axis
described here that is critical for chronic airway inflammation.

Our CITE-Seq analysis showed expression of multiple chemokines was down-regulated

in IL-9R-deficient macrophages. Among them, we found IL-9 signaling promotes CCL5
expression in both mouse and human macrophages. In asthmatic patients, CCL5 promotes
disease progression by recruiting eosinophils to the airway, a function that has been
recapitulated in mouse models as well (55, 56). Interestingly, our results suggest that I1L-9
stimulates Argl* IMs to secrete CCL5. This is a potential explanation for why Argl*
macrophages rescue the allergic response in IL-9R deficient mice and why the loss of
IL-9 signaling hinders the pro-allergic function of lung macrophages. Thus, blocking I1L-9
signaling in lung macrophages could be a feasible therapeutic strategy for asthma, and
potentially other pulmonary inflammatory diseases.

MATERIALS AND METHODS

Study design

Mice

The aim of this study was to characterize the IL-9-responsive cells in allergic inflammation,
and to uncover the mechanisms of the development of IL-9-mediated allergic diseases.
Using flow cytometry we demonstrated that macrophage populations had high expression of
IL-9R and that populations were significantly altered in the absence of IL-9 signaling. By
performing CITE-Seq analysis, liposome clodronate mediated macrophage depletion assays,
adoptive transfer experiments and morphology analysis, we demonstrated IL-9 signaling
promotes monocyte migration and differentiation into CD11c* IMs and CD11c™ IMs. We
used adoptive transfer experiments and IL-9/1L-9R-deficient mice to show the IMs are
required for IL-9 mediated allergic inflammation, Moreover, by using Argl reporter mice
and Argl conditional knock out mice, we found that Argl was required for 1L-9-dependent
pro-allergic activity in macrophages. Finally, we confirmed the I1L-9-lung macrophage axis
is conserved in human asthma patients using biobanked patient samples. The number of
mice used in the studies is included in the figure legend.

All mice were on C57BL/6 background. Wild type mice (C57BL/6, 002014), Boy/J
mice (C57BL/6, 002014), /47~ mice, YARG mice (C57BL/6, 015857)(57), Arg1™"" mice
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(C57BL/6, 008817) and LysM-Cre (C57BL/6, 004781) were purchased from The Jackson
Laboratory. //9r7~ mice (C57BL/6) were gift from Dr. Jean-Christophe Renauld (58). /97~
mice (C57BL/6) were provided by Dr. Andrew McKenzie (59), Dr. Alexander Kirsch and
Dr. Sophie Paczesny. Infer mice were provided by Dr. Paula Licona-Limén and Dr. Richard
A. Flavell. Both female and male mice were used between the age of 8 weeks to 16

weeks. All the mice were maintained in SPF animal facilities (ambient temperature 70-72°F,
humidity 50%, light/dark cycle 12/12hr). All experiments were performed with the approval
of the Indiana University Institutional Animal Care and Use Committee.

Patient Samples

Patients were recruited in infancy from pediatric allergy and dermatology clinics associated
with IU Health and Riley Children’s Hospital based on a diagnosis of dermatitis. Subjects
were excluded for a history of prior wheezing, lower respiratory tract illness, treatment with
asthma medications, or congenital heart disease. The majority of the population (85%) had

a family history of asthma or allergy, which was used as the criteria for high-risk. Samples
in this study were a subset of patients that were physician-diagnosed with or without asthma
at age 5 based on parameters including persistent wheezing, the requirement for asthma
controlling medications, respiratory function and response to methacholine challenge (60).
The primary outcome of this cohort was to analyze airway function in a high-risk population
of infants (30, 31, 36). All studies with human subjects and samples were performed with
approval from the Indiana University Institutional Review Board and required informed
consent from a parent or guardian. All subjects were evaluated at James Whitcomb Riley
Hospital for Children, Indianapolis, Indiana. Characteristics of the subset of patients selected
for the presence or absence of physician-diagnosed asthma for this study are listed in Table
S2. Patient sample collection and analysis were approved by the Institutional Review Board
of Indiana University and required parental consent for samples from infants.

Induction of allergic airway inflammation

Mice were challenged intranasally with House dust mite (HDM; Greer Laboratories) or

A. fumigatus (ASP; Greer Laboratories) extract three times a week for 6 weeks. HDM or
ASP (25 pg) extract was diluted with PBS (25 pl) and administered into the nose. Mice
were sacrificed 1 day after final intranasal challenge. Mice were euthanized and lungs were
lavaged with cold PBS for two times. BAL fluid was collected and cells were centrifuged

at 1500g for 5 minutes at 4°C for further surface staining. The supernatant was saved at
—80°C for ELISA analysis. The rest of the lung tissue was digested in 0.5 mg/ml collagenase
A (Roche) media for 1 hour at 37°C with rotation. After digestion, the lungs were filtered
through mesh and red blood cells lysed with ACK lysis buffer for 3 mins (Lonza). One
million cells were kept for RNA analysis. Cells were washed with FACS buffer and stained
for granulocytes, mast cells and lymphocytes. Eosinophils were identified as live Ly6G~
SiglecF* CD11c™ CD11b™ cells; Neutrophils were identified as live Ly6G* CD11b* cells;
Mast cells were identified as CD49b~ FceR1* c-Kit* cells; Monocytes were identified as
live Ly6c™ CD11b™ cells; DCs were identified as live MHCII* CD11b* or MHCII* CD103*
cells; Total macrophages were identified as live CD64* MerTK* cells; AMs, CD11c™ IMs
and CD11c* IMs were distinguished by the expression of Siglec-F and CD11c. Blood was
collected by cardiac puncture. A portion of the blood was kept for FACS analysis, red blood
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cells were lysed with ACK lysis buffer for 3 mins (Lonza). The remaining blood samples
were kept for serum. Serum were taken after centrifugation at 14000 rpm for 10 mins at
4°C. For some of the experiments, CCR2 inhibitor (2mg/kg, R&D systems, RS 504393) was
intravenously injected to the mice for 3 weeks. Anti-1L-9 (BioXcell, 9C1), anti-1L-13(R&D
systems, MAB413) antibodies and their isotype 1gG antibodies were intravenously injected
to the mice every other day for two weeks.

Airway resistance

For airway resistance, mice were subjected to increasing doses of methacholine and airway
resistance was measured using a ventilator (Elan Series Mouse RC Site; Buxco Electronics)
and BioSystem XA software (Buxco Electronics).

Macrophage depletion

Mice were challenged with 150 pl clodronate intranasally or 200 pl clodronate intravenously
every other day for 2 weeks. Mice were sacrificed 1 day after the final challenge. The
subsequent procedures for sample harvesting are the same as for the House dust mite extract
or A. fumigatus extract -induced allergic airway inflammation experiment.

Cell migration assay

Monocyte migration assay was performed by using CytoSelectTM 24-well cell migration
assay kit (Cell biolabs, INC). Mouse bone marrow derived monocytes were isolated by
magnetic selection according to the company protocol (Miltenyi biotec, monocyte isolation
kit 130-100-629). Monocytes (0.5 x 108 in 100 pl of serum free DMEM media containing
1% BSA) were added to the upper chamber of the insert. The lower chamber contained 400
ul of complete DMEM media with or without cytokine and chemokine as indicated. The
plates were incubated at 37°C in 5% CQO2 incubator for 3 h and cells that migrated into the
lower chamber were counted.

IL-9 injection model

Mice were treated with 4 ug IL-9 (Biolgend, 556004) by intravenously or intraperitoneally
for three days. Mice were sacrificed 1 day after final intranasal challenge. The subsequent
procedures for sample harvesting are the same as for the House dust mite extract or A.
fumigatus extract -induced allergic airway inflammation experiment.

Arginase activity assay

For measurements of arginase activity we harvested ~106 cells per sample and centrifuged at
1000xg at 4°C for 10 min. Cell pellets were lysed for 10 min in 100 pl of 10 mM Tris-HCL
(pH 7.4) containing 1 UM pepstatin A, 1 uM leupeptin, and 0.4% (w/v) Triton X-100. The
cell lysate was centrifuged at 14,000xg at 4°C for 10 min and use supernatant was assessed
for arginase activity using QuantiChrom Arginase Assay Kit (BioAssay Systems) according
to the manufacturer’s directions.
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Mixed bone marrow chimera

The F1 generation of CD45.1 X CD45.2 mice were irradiated at 1000 rads. One day after
the irradiation, 8 million bone marrow cells (4 million from Boy/J mice, 4 million from
119r~~ mice) were injected to the recipient mice. Mice were used 12 weeks after donor cell
injection.

Macrophage transfer

Lung macrophage populations were sorted from HDM-treated mice. Cells were transferred
into /97"~ mice (0.3 million from Boy/J mice, 0.15 million from YARG mice). Recipient
mice were harvested as indicated in the figures.

Mouse BM-derived macrophage cell polarization

Bone marrow cells were isolated and red blood cells were lysed by using ACK buffer.

0.5 million/ml cells were cultured with complement DMEM media containing 20%

L929 supernatant (cell biologics, 3368) for 7 days. IFN-y (50ng/ml, Peprotech) for M1
macrophages or IL-4 (20ng/ml, Peprotech) for M2 macrophages were added on day 7 for 24
hours.

Human macrophage polarization

De-identified buffy coat blood packs from healthy donors were purchased from Indiana
Blood Center. Peripheral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation using Ficoll-Paque (GE Healthcare). Buffy coat cells (10 ml) was
diluted with 10 ml DPBS and gently added to 15 ml Ficoll-paque. After spinning down at
400 x g for 30 mins at room temperature without the brake, the upper layer was removed.
The mononuclear cell layer was collected and transferred to a new conical tube and filled
with MACS up to 50 ml. After mixing, cells were centrifuged at 300 x g for 10 mins,
repeating this washing step three times. Human naive CD14" monocytes were isolated
from the PBMCs by using magnetic separation (Miltenyi Biotec). Cells were cultured

in the presence of GM-CSF (50 ng/ml, Peprotech) or M-CSF (50 ng/ml, Peprotech) for
differentiating to M1 or M2 macrophages for 7 days. IFN-y (20ng/ ml, Peprotech) or IL-4
(20 ng/ml, Peprotech) was added for 48hs. Cells were harvested for further analysis.

Cell hashing and CITE-Seq

Total lung macrophages and blood monocytes were sorted from HDM treated mice. 10
mice were pooled for each group before sorting. Sorted cells were labeled with Cell
Hashing antibodies and CITE-seq antibodies according to the CITE-seq & Cell Hashing
Protocol version 2019-02-13 (61, 62)(cite-seq.com/protocols). In brief, blood monocytes
were stained with TotalSeq™-A0302 anti-mouse Hashtag 1 antibody (Biolegend) for 30
mins at 4°C. Lung macrophages were stained with CD11c-TotalSeqA ((Biolegend), SiglecF
biotin antibody and TotalSeq™-A0301 anti-mouse Hashtag 1 antibody (Biolegend) for 30
mins at 4°C. After washing three times, lung macrophages were stained with a secondary
Anti-biotin-TotalSeq A antibody (Biolegend) for 30 mins. The final single cell suspension
was washed for 3 times with 0.1% BSA in PBS. Each clean single cell suspension was
counted with a hemocytometer under microscope for cell number and cell viability. Labeled
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lung macrophages and blood monocytes were pooled at the ratio of 3:1. Twenty thousand
targeted cell recovery per sample pool were super-loaded to a single cell master mix with
lysis buffer and reverse transcription reagents, following the Chromium Single Cell 3’
Reagent Kits V3 User Guide, CG000183 Rev A (10X Genomics, Inc). Along with the
single cell gel beads and partitioning oil, the single cell master mixture containing the cells
was dispensed onto a Single Cell Chip B in separate wells, and the chip loaded to the
Chromium Controller for GEM generation and barcoding, followed by reverse transcription.
During cDNA amplification, HTO (HashTag Oligonucleotide) and ADT (Antibody-Derived
Tags) PCR additive oligonucleotides were spiked into the 10X cDNA amplification to
increase the yield of HTO and ADT products. Following cDNA amplification, each sample
was separated into ADT-derived (<180bp), HTO-derived (<180bp) and mMRNA-derived
cDNAs (>300bp). The mRNA-derived cDNAs were further processed with the standard 10X
Genomics protocol. The ADT and HTO libraries were prepared using the Illumina TruSeq
Small RNA adapter and Illumina TruSeq adapter sequences, respectively. At each step, the
quality and quantity of cDNA and library were examined by Bioanalyzer and Qubit. The
resulting libraries were pooled at a ratio of 5:10:85 of HTO, ADT and mRNA in molarity
and sequenced on an Illumina NovaSeq 6000. About 6K antibody reads per cell of ADT and
HTO and 40-50K reads per cell of mMRNA were generated, with 28 bp read 1 of cell barcode
and UMI and 91 bp read 2 of RNA or HTO/ADT.

Analysis of Cell hashing and CITE-Seq

CellRanger 3.1.0 (http://support.10xgenomics.com/) was utilized to process the raw
sequence data generated. Briefly, CellRanger used bcl2fastq (https://support.illumina.com/)
to demultiplex raw base sequence calls generated from the sequencer into sample-specific
FASTQ files. The FASTQ files were then processed with the cellranger count pipeline
with feature barcode analysis to generate matrices of gene expression counts alongside
HTO and ADT quantifications for each cell barcode. Mouse reference genome GRCm38
was used in the sequence data alignment and counting processes. The filtered feature-cell
barcode matrices generated from CellRanger were used for further analysis with the R
package Seurat (63, 64)(Seurat 3.1.1) with Rstudio version 1.2.5001 and R version 3.5.1.
To identify tissue origin of cells in the WT and KO samples, the HTO counts were
normalized using centered log-ratio (CLR) transformation and cells were demultiplexed
with the HTODemux function. Doublets and negative cells identified from demultiplexing
were removed from further analysis. Cells with low number of detected genes/UMIs and
high mitochondrial gene content were excluded as well. For gene expression data analysis,
gene expression levels for each cell were log normalized with the NormalizeData function
in Seurat. Highly variable genes were subsequently identified with FindVariableFeatures
using the “vst” approach. To integrate the single cell data of the WT and //9r7~

samples, functions FindIntegrationAnchors and IntegrateData from Seurat were applied.
The integrated data was scaled and PCA was performed. Clusters were identified with the
Seurat functions FindNeighbors and FindClusters. The FindConservedMarkers function was
subsequently used to identify cell cluster specific marker genes. Cell cluster identities were
manually defined with the cluster-specific marker genes or known marker genes and small
populations that stained with ADT-SiglecF Abs but were negative for transcripts encoding
SiglecF, or were obviously not macrophage/monocyte populations were excluded from
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analyses as indicated. The cell clusters were visualized using the t-Distributed Stochastic
Neighbor Embedding (t-SNE) plots and Uniform Manifold Approximation and Projection
UMAP) plots. Analysis of the cell surface epitope expression ADT data was performed
following the standard Seurat workflow of multi-modal data (https://satijalab.org/seurat/
v3.1/multimodal_vignette.html).

Real-time Quantitative PCR analysis

RNA was extracted by using TRIzol reagent (ThermoFisher Schientific) or RNeasy

Plus Micro Kit (QIAGEN). cDNA synthesis was performed according to manufacturer’s
instructions (gqScript™ cDNA Synthesis Kits, Quantabio). Tagman real time PCR assay
(ThermoFisher Scientific) was used for detecting gene expression (Table S3). The relative
mRNA expression was normalized to housekeeping gene expression (B2-microglobulin).

Flow cytometry

Cell sorting

Single cell suspensions were stained with a fixable viability dye (eBioscience) and
antibodies for surface markers for 30 mins at 4 °C, before fixation with 4% formaldehyde
for 10 mins dark at room temperature. After fixation, cells were permeabilized with
permeabilization buffer (eBioscience) for 30 mins at 4°C and stained for cytokines for
another 30 mins at 4°C. For transcription factor staining, after surface staining, cells were
fixed with Fixation & Permeabilization Buffer (eBioscience) for 2 hours or overnight at 4
°C, and then permeabilized with permeabilization buffer (eBioscience). After intracellular
staining, cells were washed with FACS buffer and analyzed by LSR4 or Fortessa (BD
Biosciences) and analyzed with Flowjo 10.7.1 software (Tree Star).

Mouse macrophage were stained with anti-CD64, anti-Mertk, anti-CD11c and anti-Siglec-F
antibody and viability dye and further sorted with FACSAria or SORPAria (BD Bioscience)
by gating on live cells. Human patient samples were stained with viability dye, anti-hCD14
antibody, followed by FACS sorting. Sorted cells were used for further experiments. Details
of antibodies are listed in Table S1.

Enzyme linked immunosorbent assay

IL-9 (Biolgend), CCL5 (Invitrogen) and HDM specific IgE ELISA were performed
according to the manufacturer’s instruction. Briefly, 96 well-plate were coated with coating
antibody overnight at 4°C. After washing 3 times with the wash buffer, 300 ul ELISA buffer
was added to the plate and incubate at room temperature for 2 hours. After washing 3

times with washing buffer, 100 ul samples were added to the plate and incubated at room
temperature for 2 hours. After washing three times, 100 pl diluted detection antibody was
added to the plate and incubated at room temperature for 1 hour. After washing the plate
three times, 100 ul of diluted Avidin-HRP solution was added to the plate and incubated at
room temperature for 30 mins at dark. After washing the plate 3 times, 100 pl substrate was
added to the plate. Plates were read at absorbance 450nm and 570 nm.
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Isolated lung macrophages were washed with cold PBS and resuspended with up to 200

ul of PBS in a density of 0.1 x 108 cells/ml. After the cytospin at 600 rpm for 5 minutes,
slides were stained with a modified Wright-Giemsa stain on a Hema-Tek 2000 slide stainer
(Bayer Corp, Diagnostics Division, Leverkusen, Germany). The morphology of isolated lung
macrophages was evaluated under a microscope and photos were taken.

Immunofluorescence staining

Histology

Frozen tissue sections (5 um) were recovered at RT. Slides were washed with PBST for
three times and blocked with donkey serum at RT for 1h. After blocking, sections were
incubated with anti-CD45.1 antibody at 4°C overnight. After three times washing, sections
were incubated with Goat Anti-Mouse 1gG H&L (Alexa Fluor® 488) at RT for 1h. After 3
times washing with PBST, nuclear were stained with DAPI.

Lung tissue was fixed with 4% formalin for 24 hours at room temperature. Tissues were
embedded in paraffin, sectioned, and further stained with H&E, periodic acid-Schiff (PAS)
and toluidine blue staining.

Statistics analysis

Statistical was analyzed by using GraphPad Prism 8.0 (GraphPad Software) and presented
as means + SEM. Unpaired or paired Student t tests and one-way or two-way ANOVA
analysis were used in data analysis. A p value <0.05 was considered statistically significant.
ns p>0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Deficiency of IL-9R inhibits allergic airway inflammation.
(A), Schematic of HDM extract-induced airway inflammation model. All measurements,

unless indicated, are at the end of week 6.

(B), Airway resistance was measured in response to methacholine challenge one day after
the last HDM treatment (n = 3—4 per group).

(C), Lung section with H&E staining.

(D-E), BALF total cell number and BALF eosinophil number were analyzed (n = 4-5 per
group).

(F), Lung eosinophils were analyzed by flow cytometry (n = 3-5 per group).

(G), Serum HDM specific IgE level was analyzed by ELISA (n = 4 per group).

(H), Lung section with Periodic Acid-Schiff Stain (PAS) staining, arrows showed mucus
production.

(1) Lung Clcal mRNA expression was analyzed (n = 3—4 per group).

(J), Trachea section with toluidine blue staining, arrows show mast cells.

(K), Lung mast cells were analyzed by flow cytometry (n = 3—4 per group).
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(L), Serum MCPT1 expression was analyzed by ELISA (n = 3—-4 per group)

(M), IL-9* cells were analyzed in HDM treated //9reporter (infer) mice (n=3-8).

(N-S), WT or //9r7~ bone marrow cells were transferred to lethally irradiated WT or /977!~
mice. After reconstitution, the recipient mice were challenged with HDM as shown in (A).
BALF total cell number (O), BALF eosinophils (P), Serum HDM specific IgE (Q), Lung
mast cells (R) and serum MCPT1 level was analyzed (n = 4-5).

Data are presented as mean + SEM from two independent experiments. Unpaired two-tailed
Student t-test was used for comparison to generate p values in D-G, I, K-L. One-way
ANOVA with Tukey’s multiple comparisons was used to generate p values in M, O-S.
Two-way ANOVA with Sidak’s multiple comparisons was used to generate p values in B. ns
p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ND: Undetected. See also Fig. S1.
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Fig. 2. Lung macrophagesarekey |L-9 respondersin allergic response.
Mice were intranasally treated with HDM three times a week for six weeks.

(A and B), Flow cytometry analysis of lung macrophages (n = 3 for WT-PBS and
PBS group, n = 6 for WT-HDM group, n = 3 for //9r7~-HDM group).

(C), WT (CD45.1) and //9r”~ mice (CD45.2) bone marrow cells were mixed in 1:

1/9r~7"-

1

ratio and transferred to lethally irradiated recipient mice (CD45.1*CD45.2* mice). After
reconstitution, chimeric mice were treated with HDM, lung macrophages from donor cells

were analyzed by flow cytometry (n = 9).

(D-F), Lung cells from PBS- or HDM-treated mice were stained with IL-9R and other

surface markers for analysis by flow cytometry. (D), Pie chart analysis of IL-9R*

cells. (E),

Fluoresence intensity of IL-9R among various populations were analyzed, AgMFI is the
gMFI of each population minus the gMFI of isotype controls in that population; there were
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too few IMs for analysis in PBS-treated mice (n = 4-7). (F), Histogram of IL-9R in lung
macrophage populations.

(G and H), Mice were intranasally treated with 1L-9 for three days (G). (H), Lung
macrophages were analyzed by flow cytometry (n = 5 per group).

(1-K), Mice were treated with HDM for six weeks, anti-IL-9, anti-1L-13 or isotype-matched
control antibodies were intravenously injected every other day during the last two weeks (1).
(J and K), Lung macrophages were analyzed by flow cytometry (n = 3-5).

Data are presented as mean £ SEM from three independent experiments. Unpaired two-
tailed Student t-test was used for comparison to generate p values in B, E, H, and J. Paired
two-tailed t-tests were used to generate p values in C. *p<0.05, **p<0.01, ****p<0.0001.
See also Fig. S2.
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Fig. 3. Heterogeneity of pulmonary macrophages and blood monocytesin allergic inflammation.
(A-G), CITE-seq combined with cell hashing analysis for blood monocytes and lung

macrophages from HDM-challenged mice, 15 mice were pooled per group before FACS
sorting (A). (B), UMAP showing clusters based on gene expression. (C), UMAP based

on cell hashing antibodies. (D), UMAP based on ADT antibodies. (E), Annotation of the
lung macrophages within the UMAP based on both transcriptome and surface proteome.

(F), Pseudotime analysis using CCR2* blood monocytes as the root cell type. (G), Lung
macrophages were sorted from HDM-treated mice and morphology were analyzed by
cytospin.

(H), Dot plot showing the gene expression in different clusters. The number on the y-axis are
the cluster numbers shown in (B).

(), UMAP showing Nos2 expression.
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(J), Heatmap showing differential expressed genes in different clusters. The number on the
top are the cluster numbers shown in (B).

(K-L), UMAP showing gene expression of the indicated genes.

See also Fig. S3.
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Fig. 4. Lung macrophages amplify IL-9 mediated allergic lung inflammation.

(A), Mice were intranasally treated with HDM three times a

week for six weeks. Clodronate

was intranasally or intravenously injected to the mice every other day for the last two weeks

of the HDM model.

(B-F), Mice were treated as described in A. Lung macrophages (B-C) and eosinophils (D)
were analyzed by flow cytometry from lavaged lung. Dot plots indicate the percentage of

total lung macrophage populations. Bar graphs quantify live

lung macrophage populations.

(E), Airway resistance was measured in response to methacholine challenge one day after
the last dose of HDM treatment. (F), H&E staining of lung sections (n = 3—4 per group).
(G-L), Boy/J and //9r7~ mice were treated with HDM three times a week for 4 weeks.
Macrophage populations were sorted from Boy/J mice one day after the last HDM treatment
and intranasally transferred to //9r7~ mice followed by HDM challenge every other day for
another two weeks (G). (H), Airway resistance was measured in response to methacholine
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challenge one day after the last HDM treatment at the end of week 6. Statistical differences
are indicated between groups in the panel key for clarity. Lung eosinophils (1) and lung
donor cells (J) were analyzed by flow. MLN size (K) and cell numbers (L) were analyzed (n
= 3-5 per group).

Data are presented as mean £ SEM from two independent experiments. One-way ANOVA
with Tukey’s correction for multiple comparisons was used to generate p values in I, J and
L. Two-way ANOVA with Sidak’s multiple comparisons was used to generate p values in

C and D. Two-way ANOVA with Tukey’s multiple comparisons was used to generate p
values in H to compare group effect by using mean of every group. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001. See also Fig. S4.
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Fig. 5. IL-9 enhances aller gic inflammation via recruiting monocytes.
(A-D), Mice were intranasally treated with HDM three times a week for 6 weeks. Blood (A)

and bone marrow (B) monocytes were analyzed (n = 3-5 per group). (C and D), CCR2!°
and CCR2" monocytes were gated and IL-9R expression was further analyzed (n = 4-7 per
group).

(E), Bone marrow monocytes were isolated and plated on the top chamber of a transwell,
IL-9 or CCL2 was added to the lower chamber, and cells were allowed to migrate for 3
hours before counting (n = 4 per group).

(F-H), Monocytes were isolated from human PBMCs, IL-9R (F) and CCR2 (G) expression
was analyzed by flow, migration assay was performed as described in (E), migrated cells
were analyzed (H) (n = 4 per group).

(1), 1L-9R expression were analyzed in non-asthma or asthma donors’ blood CD14*
monocytes (n = 3 for non-asthma group, n = 4 for asthma group).
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(J-M), Mice were treated with HDM three times a week for 5 weeks. CCR2 inhibitor was
intravenously injected to the mice twice a week for 4 weeks (J). Bone marrow monocytes
(K), lung monocytes (L) and lung macrophages (M) were analyzed by flow cytometry (n =5
for control group, n = 4 for CCR2 inhibitor group).

(N), Fluorescent bead-labeled monocytes were transferred to //9r7~ mice, recipient mice
were treated with IL-9 and HDM, lung macrophages and eosinophils were analyzed on day
7, dot plots were gated on MerTK* CD64" SiglecF~ live cells (n=4 per group).

Data are presented as mean £ SEM from two independent experiments. Unpaired two-tailed
Student t-test was used for comparison to generate p values in A-B, E, G-I, K-L and N.
Two-way ANOVA with Sidak’s multiple comparisons was used to generate p values in C-D
and M. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Fig. S5.
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Fig. 6. IL-9 impacts lung macrophage function by regulating Argl expression.

(A), UMAP showing ArgZ expressi

on from CITE-seq experiment described in Fig. 3.
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(B), Argl™* cells from HDM-treated mice were analyzed by flow cytometry (n=4 per group).

Dot plots were gated on lived IMs.

(C), Mixed bone marrow chimeric mice were generated and treated as described in Fig. S2D,
donor derived Argl* IMs were analyzed by flow cytometry (n = 8 per group).
(D and E), Arginase activity was analyzed in lung macrophages and serum from HDM-

treated mice (n=3-4 per group).

(F), Naive mice were treated with IL-9 for three days, Argl production from IMs were

analyzed (n=5 for PBS group, n=4 for IL-9 treated group).
(G), IMs were sorted from WT HDM-treated mice and stimulated with I1L-9 for 24hs, Arg1

mRNA expression was analyzed (n
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(H-M), YARG and //9r~7~ mice were treated with HDM three times a week for 4 weeks.
YFP*'~macrophage populations were sorted from YARG mice one day after the last HDM
treatment and intranasally transferred to /977~ mice followed by HDM challenge every
other day for another two weeks (H). Lung Arg1l* macrophages (I) and YFP* macrophages
(J) were analyzed by flow cytometry. (K), Airway resistance was measured in response

to methacholine challenge one day after the last HDM treatment at the end of week 6.
Statistical differences are indicated between groups in the panel key for clarity. (L), Lung
eosinophils were analyzed by flow. (M), MLN cell number was analyzed (n= 3-8 per
group).

Data are presented as mean £ SEM from two independent experiments. Paired two-tailed t-
tests were used to generate p values in B and C. Unpaired two-tailed Student t-test was used
for comparison in D-G and L-M. One-way ANOVA with Tukey’s multiple comparisons
was used to generate p values in I. Two-way ANOVA with Tukey’s multiple comparisons
was used to generate p values in K to comparing group effect by using mean of every group.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.001. See also Fig. S6.
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Fig. 7. IL-9 promotes allergic inflammation by inducing CCL5 production from lung
macrophages.

Arg1™ [ ysM-Cret!~ mice were treated with HDM for 6 weeks.

(A), Argl expression in IMs was analyzed. BALF total cell number (B), BALF eosinophils
(C), Lung eosinophils (D) and MLN cell number were analyzed (n = 4-10).

(F), UMAP showing Cc/5 expression from CITE-seq experiment described in Fig. 3.

(G), CCL5 expression in IMs was analyzed by flow cytometry (n = 4-10).

(H and I), Serum CCL5 level was analyzed by ELISA (n = 4-10).

(J), FACS sorted Arg1*/~ macrophages were treated with 1L-9 for 24 hours, CCL5 level was
measured by ELISA (n=3).

(K-L), Naive mice were treated with IL-9 for three days, CCL5 and Argl expression from
IMs were analyzed (n=4).

(M), CCL5 expression was analyzed by gating on Argl* or Argl™ IMs from WT HDM
treated mice (n=11).
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(N), Human monocyte were cultured under M2 macrophage condition, CCL5 mRNA
expression was analyzed (n = 3).

(0), IL-9 production from PBMCs was analyzed from non-asthma donors and asthma
patients (n=7-9).

(P), Correlation between FEV1 corrected for height and IL-9 production from patient
PBMCs.

(Q-R), Arginase activity (Q) and CCLS5 level (R) was analyzed from non-asthma donors and
asthma patients (n=5-9).

(S), Correlation of PBMC IL-9 and serum CCL5 concentration (n=11).

Data are presented as mean £ SEM from two independent experiments. Unpaired two-tailed
Student t-test was used for comparison in B-C, D-E, H-I, K-L, N-O and Q-R. A paired
two-tailed t-test was used to generate the p value in M. Two-way ANOVA with Sidak’s
multiple comparisons was used for comparisons in J. Spearman correlation was performed
for Pand S, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Fig. S6.
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