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Myeloid-IL4Ra is an indispensable
link in IL-33-ILCs-IL-13-IL4Ra axis
of eosinophil recruitment in murine
lungs

Sonika Patial', Brandon W. Lewis?, Thao Vo?, Ishita Choudhary?, Kshitiz Paudel*, Yun Mao?,
Dhruthi Singamsetty?, Frank Brombacher? & Yogesh Saini***

Increased eosinophil recruitment is a hallmark feature of eosinophilic disorders. Here, we delineated
the key molecular and cellular players involved in physiological eosinophilic recruitment during normal
postnatal lung development in mice. Physiological eosinophilic recruitment was consistently present
in 7-, 10-, and 15-day-old neonatal mice, but not in 42-day-old mice. This feature was completely
abolished in interleukin 33 (IL-33)-, interleukin 2 receptor gamma chain (IL2ry)-, and interleukin 4
receptor alpha (IL4Ra)-knockout mice, but not in recombination activating gene 1 (Ragl)-knockout
mice demonstrating an indispensable role for IL-33, innate lymphoid cells (ILCs), and IL4Ra in
eosinophil recruitment. Interestingly, myeloid-specific IL4Ra-deficient (mye-IL4Ra ") mice had
significantly reduced eosinophilia in the airspaces that was associated with reduced levels of IL-4 and
IL-5 in the bronchoalveolar lavage fluid (BALF). Further, we tested the effect of myeloid-specific IL4Ra
deficiency on IL-13-induced eosinophil recruitment into adult lung airspaces. Eosinophil recruitment
into the airspaces was elevated in IL-13-treated WT mice but not in IL-13-treated mye-IL4Ra~ mice.
Consistent with the degree of eosinophilia, the BALF levels of eosinophil recruitment-associated
cytokines were significantly elevated in IL-13-treated WT but not in IL-13-treated mye-IL4Ra™~ mice.
These data establish that myeloid-IL4Ra is an indispensable component of the IL-33-ILCsIL-13-IL4Ra
axis of eosinophil recruitment.

Eosinophil recruitment is a hallmark feature of multiple diseases including allergic asthma, parasitic infections,
and food allergy"?. Eosinophil recruitment contributes to disease-specific pathologies, such as airway remodeling
in eosinophilic lung disorders by releasing a variety of cytokines and through interactions with other cell types,
including epithelial and mast cells'. Accordingly, therapeutic strategies targeting eosinophil recruitment have
been devised that aim at neutralizing these molecular and cellular components**. However, the specific sequence
in which various molecular and cellular players function and the cell-specific roles of the molecular players
involved in eosinophilic recruitment still remains unclear.

A number of molecular and cellular players have been shown to be involved in eosinophil recruitment. These
include mediators, particularly interleukin 5 (IL-5), eotaxin, and interleukin 33 (IL-33), and cells including
classical dendritic cells (cDC), innate lymphoid type 2 (ILC2) cells, and T-helper type 2 (Th2) cells®~’. Recently,
employing a mouse model of chronic bronchitis, i.e., Scnn1b-Tg mice, we demonstrated that IL-33'° and IL2ry"!
are essential for the recruitment of eosinophils but adaptive immune response is dispensable in this process.
Ablation of IL4Ra in Scnnlb-Tg mice also completely abolished eosinophil recruitment to the lung airspaces'?.
Spontaneous physiological airspace eosinophil recruitment has been reported during neonatal stages'?, which
likely either plays a role in lung development or reflects the maturation of the immune system. However, the
roles of the aforementioned cellular and molecular players in physiological airspace eosinophil recruitment
remain unclear.

In the present study, we tested the roles of four critical players, i.e., IL-33, IL2ry (innate lymphoid immunity),
Ragl (adaptive immunity), and IL4Ra (a master regulator of Th2 responses) in lung development-associated
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eosinophil recruitment. Most importantly, we tested the hypothesis that the myeloid cell-specific IL4Ra is essen-
tial for eosinophil recruitment. Towards this, we employed a novel strategy to achieve a near-complete deficiency
of IL4Ra in myeloid cells and showed that achieving a near-complete deficiency of a gene may be critical in
order to specifically delineate the role of myeloid cells in physiological and pathological conditions of the lung.
Finally, we also tested the effect of myeloid-specific IL4Ra deficiency on IL-13-induced eosinophil recruitment
into adult lung airspaces.

Materials and methods

Animals husbandry. All animal use procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Louisiana State University. All methods were carried out in accordance with the
TACUC guidelines and regulations. The study was carried out in compliance with ARRIVE guidelines. All the
mice employed in this study were on C57BL/6 congenic background. Wild-type (WT; C57BL/6), Lysozyme
M-Cre (LysMCre), and knockout (Ragl™~, IL2ry™~, and IL4Ra™") mice were procured from Jackson labora-
tories. The IL-337/~ mice were provided by Dr. Susumu Nakae (University of Tokyo, Japan)"®. The floxed IL4Ra
mice were provided by Dr. Frank Brombacher'*. Both, IL4Ra™~ and floxedIL4Ra, strains on BALB/c background
were crossed back to the C57BL/6 background for more than 12 generations. We crossed LysMcre*'* mice with
IL4Ra™/™ to generate LysMcre monoallelic (LysMcre*-/IL4Ra™®) and LysMcre biallelic (LysMcre*"*/IL4Ra®™/%,
i.e., mye-IL4Ra™"") mice. All the animals were identified using PCR genotyping. All mice used in this study were
maintained in hot-washed, individually-ventilated cages on a 12 h dark/light cycle. Mice were fed a regular diet
and water ad libitum. All the experiments were performed during the light period of 12 h dark/light cycle.

BALF, blood, and bone marrow harvesting and analyses. Mice were lavaged as previously
described". BALF was centrifuged at 300xg for 5 min. The cell pellet was suspended in fresh phosphate-buffered
saline (PBS) for total and differential cell counting as previously reported'®. The cell-free BALF supernatant was
saved at —80 °C for cytokine analyses. Mice were humanely euthanized and bone marrows were harvested from
one femur per mouse for eosinophil counts. Peripheral blood was harvested from the posterior vena cava and
eosinophil counts were performed in 150 pul of blood volume.

Cytokine estimation. Cell-free supernatant was analyzed for the quantification of various soluble media-
tors as previously described'®. Briefly, BALF was centrifuged at 300xg for 5 min and the cell-free supernatant
was analyzed for cytokine levels. The BALF levels of IL-5, eotaxin, and IL-4 were determined using a Luminex-
XMAP-based assay as per the manufacturer’s instructions (Millipore, Burlington, MA). Eosinophilia-relevant
cytokines, i.e.,, CCL3 (MIPla), CCL4 (MIP1P), CCL5 (Rantes), CCL7, CCL11 (Eotaxin 1), CCL12, CCL17,
CCL22, and CCL24 (Eotaxin 2) were assessed in the BALFE, as per manufacturer’s instructions (BioPlex Pro
Mouse Chemokine panel, Hercules, CA). IL-33 was assessed in the BALF, as per the manufacturer’s instructions
(LEGENDplex assay, BioLegend, San Diego, CA).

IL-5/eotaxin- or IL-13-mediated lung eosinophilia. WT and mye-IL4Ra™'~ mice were intravenously
injected with a cocktail of 0.5 pg IL-5 (PeproTech, Rocky Hill, NJ) and 1 ug CCL11/Eotaxin-1 (PeproTech, Rocky
Hill, NJ). After a wait of 30 min, a cocktail of 1 ug IL-5 and 3 ug CCL24/Eotaxin-2 (PeproTech, Rocky Hill,
NJ) was oropharyngeally delivered. At 2.5-h post-eosinophil chemoattractant treatment, mice were lavaged and
analyzed for eosinophil counts. To induce IL-13-mediated lung eosinophilia, 5 pg of recombinant mouse IL-13
(R&D Systems, Minneapolis, MN) was oropharyngeally administered to each mouse on days 1, 3, 5, and 7. On
day 8, mice were euthanized to collect BALF and determination of eosinophil counts.

ILC2 flow cytometry. To induce IL-33-mediated ILC2 expansion, 1 pg of recombinant mouse IL-33 (R&D
Systems, Minneapolis, MN) was oropharyngeally administered to each of the IL2ry”~, IL4Ra™"~, and mye-
IL4Ra”~ mice on days 1, 3, and 5. On day 6, mice were euthanized to harvest lung lobes in order to prepare
single cell lung digest. Briefly, lungs were perfused by flushing 5 ml of PBS through the right ventricle of the
heart. Perfused lungs were transferred to C-tubes (Miltenyi Biotec, Gladbach, Germany) containing 2.5 ml HBSS
containing 500U/ml collagenase Type I (Worthington, Lakewood, NJ) and 200U/ml DNAase (Sigma Aldrich, St.
Louis, MO). Lung tissues were digested using a GentleMACS dissociator (Miltenyi Biotec, Gladbach, Germany)
followed by incubation on a rocker at 37 °C. Cell suspensions were filtered through 70 pm nylon cell strainer
followed by centrifugation at 300xg for 10 min. Cells were resuspended in 10 ml of DMEM/F12 medium. Sin-
gle -cell suspensions were stained with various fluorochrome-conjugated anti-mouse monoclonal antibodies
for cellular phenotyping as follows: Lin (CD3e, B220, CD11b, TER-119, Gr-1, CDl1c, FceRla, CD8a, CD4),
CD45, CD90.2, IL-33R, and CD278. Information for antibodies is included in Supplemental Table 1. Data were
acquired using a CytoFLEX flow cytometer (Beckman Coulter Life Sciences, Indianapolis, IN) and analyzed
using CytExpert software.

Immunohistochemistry. Immunohistochemical staining for IL-33 was performed using procedure pub-
lished previously'®~'8. Briefly, formalin-fixed, paraffin-embedded lung sections were deparaffinized with Citri-
solv (2x5 min each) and were rehydrated with graded ethanol (100%, 95%, 70%, 30%, distilled water; 3 min
each). Antigen retrieval was performed using a citrate buffer-based heat-induced method (heating slides in
10 mM sodium citrate solution [with 0.05% Tween 20; pH 6.0] at 95-100 °C for 30 min, followed by cooling to
room temperature and quenching for 10 min with 3% hydrogen peroxide for blocking endogenous peroxidases.
Sections were blocked with the blocking buffer for 20 min followed by primary antibody incubation with goat
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polyclonal to IL-33 (AB3626; R&D systems, Minneapolis, MN) at room temperature (RT) for 2 h. Sections
were washed and incubated with diluted biotinylated secondary antibodies for 1 h at RT. The sections were
then rinsed in deionized water (2x5 min each) and processed using VECTASTAIN Elite ABC HRP Kit (PK-
6105, Vector Laboratories, Burlingame, CA), followed by chromogenic substrate conversion to insoluble colored
precipitate using InmPACT Nova RED HRP substrate Kit (SK-4800, Vector Laboratories, Burlingame, CA).
Sections were counterstained with Gill's Hematoxylin-I for 10 s, rinsed in deionized water, dehydrated with
graded alcohol solutions, and coverslipped with VectaMount mounting media (H-5000, Vector Laboratories,
Burlingame, CA). Immunostained slides were analyzed for the determination of positively stained cells. Briefly,
photographs were captured under 40X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attach-
ment (Nikon, Melville, NY). Thereafter, captured images were processed using the ImageJ software (NIH) to
determine the number of IL-33-stained cells and total number of hemotoxylin-stained nuclei’’.

Statistical analyses. One-way or two-way ANOVA followed by Tukey’s post hoc test for multiple com-
parisons was used to determine significant differences among groups. Significant differences between the two
groups were determined by Student’s ¢-test assuming unequal variance. All data were expressed as mean + stand-
ard error of mean (SEM). A p-value <0.05 was considered statistically significant. Statistical analyses were per-
formed using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA).

Results

Airspace eosinophilia is a consistent feature of neonatal lung developmentin mice. Bronchoal-
veolar lavage fluid (BALF) eosinophilia has been previously reported in 10-day-old mice'. In order to access
temporal pattern of eosinophilic recruitment during postnatal lung development, we performed a time-course
analysis of airspace eosinophilic recruitment in C57BL/6 mice at four different age-points, i.e., post-natal day
(PND) 7, 10, 15, and 42. In agreement with our previous study’®, BALF from neonates at PND 7 contained ~ 2%
eosinophils (Fig. 1A,B). In comparison, BALF from neonates at PND 10 and PND 15 contained ~ 6-7% eosino-
phils (Fig. 1A,B). At PND 42, however, BALF eosinophilia was not evident. These data suggest that a wave of
eosinophilic recruitment, which initiates at PND 7, increases gradually through PND 10-15, and wanes towards
PND 42 (Fig. 1A,B).

Next, we performed immunohistochemical staining for IL-33 on the formalin-fixed lung sections from 7-,
10-, 15-, and 42-day-old C57BL/6 mice. Image ] quantification revealed a significantly higher number of IL-
33-expressing cells, primarily alveolar type 2 cells, in 7-day-old neonates versus all other age points (Fig. 1C,D).
Further, we determined the levels of IL-5, a cytokine essential for eosinophil survival and differentiation®*?., in
the BALF of C57BL/6 mice. Consistent with elevated eosinophil counts, the BALF levels of IL-5 were elevated
in the airspaces of neonates at PND 7 and 10 (Fig. 1E). The IL-5 levels were below the level of detection at PND
15 and PND 42. The levels of eotaxin, a potent eosinophil chemoattractant, were also elevated in 10-day-old
C57BL/6 mice (Fig. 1F). These data suggest that the recruitment of eosinophils into the airspaces of 10/15-day-
old mice is associated with IL-33 induction and IL-5 secretion at PND 7.

The innate lymphoid system, but not the adaptive immune system, is essential for devel-
opmental eosinophilic recruitment. To test the role of IL-33 in eosinophil recruitment during post-
natal lung development, we estimated eosinophil counts in BALF from 10-day-old IL-33 knockout (IL-337")
mice. In contrast to 10-day-old C57BL/6 mice (Fig. 2A,B), eosinophil recruitment was completely abolished in
10-day-old IL-337"~ mice (Fig. 2A,B). Along the similar lines, IL-5 levels were below the lower limit of detec-
tion and eotaxin levels were significantly reduced in 10-day-old IL337~ mice compared to 10-day-old WT mice
(Fig. 2C,D). These data suggest that IL-33 plays an indispensable role in eosinophilic recruitment during post-
natal lung development.

Type 2 ILCs (ILC2s), Th2-counterpart of the innate lymphoid system, are activated in the presence of IL-33
and are the known producers of Th2 cytokines?’. Th2 environment, as determined by the presence of Th2
cytokines, i.e., [L-4 and IL-13, is essential for eosinophil recruitment’. To verify the role of Th2 environment
promoting ILC2s in developmental eosinophilic recruitment, we analyzed BALF from 10-day-old interleukin
2 receptor gamma chain (yc) knockout (IL2ry~~) mice for the presence of eosinophils and eosinophil chem-
oattractants. Similar to IL-337/~ mice, the eosinophils (Fig. 2A,B), IL-5 (Fig. 2C), and eotaxin (Fig. 2D) were
undetected in the BALF from IL2ry~ mice.

In addition to the absence of ILCs and NK cells, the IL2ry” ~ mice also lack adaptive immune cells'***. To
investigate whether the absence of the adaptive immune system in the IL2ry~'~ mice caused the absence of air-
space eosinophilia, we analyzed recombinase activation gene 1 knockout (Ragl~~) mice that lack mature adap-
tive immune cells?®. BALF eosinophil recruitment (Fig. 2A,B) as well as levels of eosinophil chemoattractants
(Fig. 2C,D) in BALF were not compromised in these mice. In fact, Ragl 7~ mice exhibited exaggerated eosinophil
recruitment (Fig. 2A,B) and higher concentration of IL-5 (Fig. 2C) as compared to C57BL/6 WT counterparts.
These data suggest that the innate lymphoid system is essential for eosinophilic recruitment during postnatal
lung development. Further, the data also indicate that the adaptive immune system may have a regulatory/sup-
pressive effect on eosinophil recruitment.

IL4Ra signaling is required by ILCs for developmental eosinophil recruitment.  Since ILC2s are
known to produce IL-5%, we anticipated that the eosinophil recruitment and IL-5 production will remain unaf-
fected in the absence of IL4Ra. Therefore, we investigated whether IL4Ra is required for eosinophil recruitment.
Interestingly, the IL4Ra™~ neonates were completely devoid of BALF eosinophils (Fig. 2A,B) and eosinophil
recruitment-associated cytokines (Fig. 2C,D). The role of IL4Ra in ILC2 function has been reported previously?.
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Figure 1. Airspace eosinophilia in the developing lungs of mice. Cell counts in BALF from mice at the age of
postnatal day (PND) 7, 10, 15, and 42 (n=5-10 per group). Differential cell counts (A) and relative percentages
of constituent cell types (B) are shown as stacked bar graphs [macrophages (red), neutrophils (blue), eosinophils
(green), and lymphocytes (black)]. Representative images of lung sections that were immunohistochemically
stained for IL-33 (Red arrows; IL-33-stained cells, Black arrows; unstained cells) (C). Image ] quantification

of IL-33 immunostained sections (n=>5-6 per group) (D). Cytokine levels (pg/ml) of IL-5 (E) and Eotaxin

(F) in cell-free BALF of mice at PND 7, 10, 15, and 42 (n=5 per group). Error bars represent SEM. *p <0.05,
**p<0.01, **p <0.001, ****p <0.0001 using ANOVA followed by Tukey’s multiple comparison post hoc test.

The lower limits of detection (indicated by red dotted lines) for IL-5 and Eotaxin were 0.25 pg/ml and 2.51 pg/
ml, respectively. The results represent cumulative data on mice generated in two to three different litters.
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Figure 2. Airspace eosinophilia is regulated by the innate lymphoid system. Cell counts in BALF from 10-day-
old wildtype (WT), IL-337, IL2ry~-, Ragl ™', and IL4Ra~'"~ neonates (n=>5-14 per group). Differential cell
counts (A) and relative percentages of constituent cell types (B) are shown as stacked bar graphs [macrophages
(red), neutrophils (blue), eosinophils (green), and lymphocytes (black)]. Cytokine levels (pg/ml) of IL-5

(C) and Eotaxin (D) in cell-free BALF from 10-day-old wildtype, IL-337/~, IL2ry~'-, Ragl~'~, and IL4Ra ™"~
neonates (n=5 per group). The lower limits of detection (indicated by red dotted lines) for IL-5 and Eotaxin
were 0.25 pg/ml and 2.51 pg/ml, respectively. Error bars represent SEM. **p <0.01, ***p <0.001 using ANOVA
followed by Tukey’s multiple comparison post hoc test. (E) Gating Strategy and representative scatter plots

for flow cytometric characterization of ILC2’s (CD45*Lin” CD278* CD90.2* ST2*) in whole-lung single-cell
suspension from IL-33-treated IL4Ra™~ mice (n=3 per group). (F) Percentage of ILC2s in whole-lung single-
cell suspension from IL-33-treated IL2ry’/ -, saline-treated IL4Ra™"-, IL-33-treated IL4Ra~'-, and IL-33-treated
IL4Ra*" mice. Error bars represent SEM. **p <0.01, using ANOVA followed by Tukey’s multiple comparison
post hoc test. The results represent cumulative data from mice generated in three different litters.
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Figure 3. Levels of ligands for IL4Ra receptor in airspaces. (A) Cytokine levels (pg/ml) of IL-13 in BALF from
WT mice at the age of postnatal day (PND) 7, 10, 15, and 42 (n=>5 per group). (B) Cytokine levels (pg/ml) of
IL-13 in BALF from 10-day-old wildtype (WT), IL-337/~, IL2ry~-, Ragl 7, and IL4Ra™'~ neonates (n=5 per
group). (C) Cytokine levels (pg/ml) of IL-4 in BALF from WT mice at PND 7, 10, 15, and 42 (n=5 per group).
(D) Cytokine levels (pg/ml) of IL-4 in BALF from 10-day-old WT, IL-337/~, IL2ry™~, Ragl ", and IL4Ra ™/~
neonates (n=5 per group). Error bars represent SEM. *p <0.05, **p <0.01, using ANOVA followed by Tukey’s
multiple comparison post hoc test. The lower limit of detection (indicated by red dotted lines) for IL-4 and IL-13
were 0.03 pg/ml and 0.08 pg/ml, respectively. The results represent cumulative data from mice generated in
three different litters.

To determine whether the IL4Ra™'~ mice have intact ILC2s, we oropharyngeally challenged IL2ry~~, ILARa ™",
and IL4Ra*" mice with IL-33 and performed flow cytometry to analyze the proportions of ILC2s (CD45 + Lin-
CD278+CD90.2+ST2+) in the lungs of these mice strains (Fig. 2E, E, Supplemental Fig. 1). As expected, IL-
33-treated IL2ry~'~ mice were completely devoid of ILC2s. (Fig. 2F, Supplemental Fig. 1). IL-33 treatment, how-
ever, resulted in a significant increase in the ILC2 populations in IL4Ra ™/~ as well as IL4Ra*"" mice compared
to saline-treated IL4Ra™'~ mice, in which only~0.75% of analyzed cells were ILC2s (Fig. 2E, F, Supplemental
Fig. 1). These data suggest that IL4Ra deletion does not compromise IL-33 induced expansion in ILC2 popula-
tion in lungs and that ILC2 products, most likely IL-13 or IL-4, signal through IL4Ra, to result in the recruitment
of eosinophils.

IL4Ra ligands, i.e., IL-13 and IL-4, are required for eosinophil recruitment into the developing
airspaces. IL-13, a prominent Th2 cytokine, is a known product of ILC2 cells”’. Our data strongly suggest
that the IL-33-ILCs-IL4Ra axis is a key pathway of eosinophil recruitment (Fig. 2). Therefore, we next deter-
mined whether the secretory levels of IL-13 were different in C57BL/6, IL-337~, IL2ry~~, and IL4Ra~'~ neonatal
PND 10 mice, i.e., (1) elevated in 10-day-old C57BL/6 neonates, (2) diminished in 10-day-old IL-337~ and
IL2ry~~ neonates, and 3) elevated in 10-day-old IL4Ra™'~ neonates.

Our analyses revealed that C57BL/6 neonates had significantly elevated levels of IL-13 at PND 10 (Fig. 3A).
As expected, the IL-13 levels were significantly diminished in IL-337~ and IL2ry~'~ neonates (Fig. 3B). While
IL-13 levels were exaggerated in Ragl ™~ neonates, interestingly, the IL-13 levels were significantly diminished in
IL4Ra~'~ neonates (Fig. 3B). These data suggest that the sufficiency of IL4Ra signaling is essential for increased
levels of IL-13. In other words, both ILC2s as well as IL4Ra-bearing cells are required for IL-13 production
and eosinophil recruitment. Along the similar lines, BALF levels of IL-4 were elevated in 10-day-old C57BL/6
(Fig. 3C), diminished in IL-337, IL2ry™", and IL4Ra™'~ neonates, and exaggerated in Ragl~'~ neonates (Fig. 3D).
Accordingly, we conceptualized that IL33-ILC2 interaction induces the production of low levels of IL-13 and/
or IL-4, that is further amplified via IL-13-IL4Ra-mediated signaling in IL4Ra-expressing cells. Whether the
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ILC2-derived IL-13 binds back to the IL4Ra on ILC2s, in an autocrine manner, or to the IL4Ra on other non-
ILCs, in a paracrine manner, is not known.

Myeloid-IL4Ra signaling is essential for developmental eosinophil recruitment. We furthered
our investigation on identifying a key IL4Ra-bearing cell type involved in the amplification of IL-13/IL-4 levels
and, thus, eosinophil recruitment via increased production of IL-5. We speculated that a resident cell-type,
e.g., myeloid cells [macrophages and classical dendritic cells (cDC)] or epithelial cells, would be a realistic can-
didate for this investigation. Therefore, we hypothesized that myeloid-IL4Ra responds to ILC2-derived IL-13
and recruits eosinophils via amplification of Th2 molecular signals, including IL-13, IL-4, and IL-5. Towards
this, first, we generated a mye-IL4Ra™"~ mouse strain through an innovative approach that involved increasing
the copy number of LysMcre from monoallelic (used in most studies published to date) to biallelic, in order to
accomplish efficient deletion of myeloid-IL4Ra. To ascertain that the recombination in floxed alleles is restricted
to the myeloid population in the lung parenchyma, we first generated bitransgenic mice carrying biallelic LysM-
cre and Rosa-mTom™"/mEGFP floxed reporter allele!®. Fluorescent imaging of the lungs from these mice
revealed that the recombination in floxed reporter allele was restricted to the myeloid compartment as indicated
by the expression of mEGFP (Supplemental Fig. 2). Of note, all other parenchymal cells were mTom positive
indicating that the biallelic LysMcre does not target the non-myeloid cell population (Supplemental Fig. 2).
These mice were healthy and to date, we have not noticed any phenotypic abnormalities in these mice. This is not
completely unexpected given the fact that IL4Ra™~ whole-body knockout mice are also phenotypically normal
under homeostatic conditions®.

The percent eosinophils recovered were comparable between LysMcre*/~/IL4Ra™" (~ 12%) and LysMcre*/*/
IL4Ra™" (~12%) suggesting that the presence of biallelic cre and inactivation of one allele of IL4Ra does not
result in a reduction in BALF eosinophilia (Fig. 4A,B). However, the percent eosinophils were reduced to ~ 8% in
mice with monoallelic LysMcre (LysMcre*’-/IL4Ra™') (Fig. 4A,B). Interestingly, a significant reduction in BALF
eosinophilia (~2%) was observed in LysMcre*/ */ILARa™= mice. Furthermore, IL-5 levels were reduced, although
not significantly, in the BALF from LysMcre*/*/IL4Ra™® mice compared to all the other controls (Fig. 4C). The
eotaxin was present above detection levels in BALF from all the three controls but below the detection limits in
the BALF from LysMcre*/IL4Ra™™ mice (Fig. 4D). While IL-13 levels were comparable between all the four
groups (Fig. 4E), reduced levels of IL-4 were trending towards significance in LysMcre**/ILARa™® mice as com-
pared to all the other controls (Fig. 4F). These data suggest that myeloid IL4Ra is essential for the maintenance
of IL-4 levels in the airspaces, and eosinophil recruitment. We demonstrate that a nearcomplete depletion of
myeloid IL4Ra using biallelic LysMcre allele is dramatically more effective as compared to monoallelic LysMcre
allele in elucidating this effect (Fig. 4). These data, for the first time, establish an indispensable role of IL4Ra
signaling in myeloid cells in the recruitment of eosinophils.

Myeloid-IL4Ra signaling is essential for IL-13-induced lung eosinophilia. IL-13 is known to
induce eosinophilic recruitment to the airspaces of mice’. To test whether IL-13-induced eosinophilic recruit-
ment requires myeloid-specific IL4Ra expression, we oropharyngeally exposed WT, IL4Ra™~ and mye-IL4Ra ™/~
adult mice to recombinant mouse IL-13 (Fig. 5A). As expected, the IL-13-treated adult WT mice had elevated
levels of eosinophils in the BALF (Fig. 5B,C). However, the IL-13-treated ILARa™~ adult mice had no signs of
eosinophilic recruitment (Fig. 5B,D). Similarly, the BALF from mye-IL4Ra™'~ adult mice was completely devoid
of eosinophils (Fig. 5B,E). These data suggest that the myeloid-specific IL4Ra sufficiency is essential for IL-
13-mediated recruitment of eosinophils.

To identify the levels of eosinophil chemokines in the BALF of IL-13-treated WT mice and to determine
the effect of myeloid cell-specific deletion of IL4Ra on the BALF levels of eosinophil chemokines, we analyzed
CCL3 (MIP1a), CCL4 (MIP1B), CCL5 (Rantes), CCL7, CCL11 (Eotaxin 1), CCL12, CCL17, CCL22, and CCL24
(Eotaxin 2). The BALF levels for all of these chemokines were comparable between saline-treated WT and mye-
IL4Ra™~ adult mice (Fig. 5F-N). Consistent with the increased eosinophilic infiltration in IL-13-treated WT
mice, the BALF levels of CCL3 (MIP1a), CCL4 (MIP1b), CCL7, CCL11, CCL12, CCL22, and CCL24 (Eotaxin
2) were significantly elevated in IL-13-treated versus saline-treated WT mice (Fig. 5F-N). Consistent with the
absence of eosinophilic infiltration in IL-13-treated mye-IL4Ra~'~ mice, all the eosinophil chemokines were
comparable between IL-13-treated and saline-treated mye-IL4Ra~'~ mice (Fig. 5F-N). BALF IL-33 levels were
comparable between the IL-13- as well as saline-treated WT and mye-IL4Ra™'~ mice (Fig. 50).

Lysozyme M is known to be expressed in eosinophils?, therefore, to ascertain that the potential deletion of
IL4Ra in the eosinophils did not affect their abilities to populate the bone marrow and blood, we assessed eosino-
phil counts in the bone marrow and blood from WT and mye-IL4Ra™~ adult mice. The number of eosinophils
recovered in the bone marrow harvested from the femur (Fig. 6A,B) and blood (Fig. 6C,D) were comparable
between WT and mye-IL4Ra~~ mice. Finally, to ascertain that the deletion of IL4Ra in the eosinophils did not
affect their abilities to respond to the chemoattractants, we experimentally induced IL-5/eotaxin-mediated lung
eosinophilia in the WT and mye-IL4Ra ™'~ adult mice (Fig. 6E). Both, WT and mye-IL4Ra™'~ adult mice had
comparable eosinophil counts in the BALF after the IL-5/eotaxin treatment (Fig. 6F).

Discussion

Eosinophil recruitment is a typical response associated with Th2 inflammation®. Based on the current under-
standing of Th2 immune responses, the release of master regulator cytokines, i.e., IL-33, IL-25, and TSLP, from
stressed/injured epithelial cells is believed to initiate Th2 immune responses in the airspaces®'. These cytokines
have been suggested to stimulate the differentiation of naive innate lymphoid cells (ILC) into type 2 ILC (ILC2)
that in turn produce Th2 cytokines, IL-13 and arguably IL-4°*-3%, These cytokines act on various cell types via
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Figure 4. Eosinophilic recruitment into the lung airspaces is compromised in myeloid-specific IL4Ra-deficient
mice. Cell counts in BALF from 10-day-old LysMcre*’~/IL4Ra™*t, LysMcre*'*/ILARa*, LysMcre*/~/IL4Raf/f,
and LysMcre*"*/IL4Ra" neonates. Differential cell counts (A) and relative percentages of constituent cell

types (B) are shown as stacked bar graph [macrophages (red), neutrophils (blue), eosinophils (green), and
lymphocytes (black)]. Cytokine levels (pg/ml) of IL-5 (C), Eotaxin (D), IL-13 (E), and IL-4 (F) in cell-free BALF
from 10-day-old LysMcre*""/IL4Ra*, LysMcre*'*/IL4Ra™™", LysMcre*’~/IL4Roa", and LysMcre*/*/IL4Ra/™
neonates. Error bars represent SEM. *p <0.05, ***p <0.001, ****p <0.0001, using ANOVA followed by Tukey’s
multiple comparison post hoc test. n=4 per group. The lower limit of detection (indicated by red dotted lines)
for IL-4, IL-13, IL-5, and Eotaxin were 0.03 pg/ml, 0.08 pg/ml, 0.25 pg/ml, and 2.51 pg/ml, respectively. The
results represent cumulative data from mice generated in five different litters.
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Figure 5. Myeloid-IL4Ra is essential for IL-13 and IL-5/eotaxin-induced lung eosinophilia and eosinophil
chemoattractants are significantly reduced in the BALF of IL-13 treated mye-IL4Ra ™/~ versus IL-13 treated
WT mice. Scheme for IL-13-induced lung eosinophilia (A). Total number of eosinophils recovered from IL-13
treated WT, IL4Ra™~ and mye-IL4Ra™'~ mice (n=4 per group) (B). Representative photomicrograph of BALF
cytospins from IL-13-treated WT (C), IL4Ra~'~ (D), and mye-IL4Ra ™'~ (E) mice (red arrows, eosinophils;
black arrows, macrophages). Error bars represent SEM. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, using
ANOVA followed by Tukey’s multiple comparison post hoc test. Cytokine levels (pg/ml) of CCL3 (MIP1a)
(F), CCL4 (MIP1p) (G), CCL5 (Rantes) (H), CCL7 (I), CCL11 (Eotaxin 1) (J), CCL12 (K), CCL17 (L), CCL22
(M), CCL24 (Eotaxin 2) (N), and IL-33 (O) in cell-free BALF from saline- or IL-13-treated WT and mye-
IL4Ra~ adult mice. The lower limit of detection for CCL3 (MIP1a), CCL4 (MIP1p), CCL5 (Rantes), CCL7,
CCL11 (Eotaxin 1), CCL12, CCL17, CCL22, and CCL24 (Eotaxin 2) were 0.23 pg/ml, 4.0 pg/ml, 4.0 pg/ml,
0.27 pg/ml, 0.42 pg/ml, 3.41 pg/ml, 0.22 pg/ml, 5.03 pg/ml, 0.42 pg/ml, 0.60 pg/ml, and 4.06 pg/ml, respectively.
The lower limit of detection for CCL5 (Rantes) and CCL11 (Eotaxin 1) are indicated by red dotted lines. Error
bars represent SEM. *p <0.05, **p <0.01, **p <0.001, ***p <0.0001, using 2-way ANOVA followed by Tukey’s
multiple comparison post hoc test. n=3-5. Results in panels B-E are representative of three independent
experiments. Data in panels F-O were generated using BALF from 3 to 5 independent animals.

IL4Ra, that result in the production of IL-5 and other eosinophil chemoattractants®. Therapeutic strategies
targeting eosinophil recruitment are under clinical trials for eosinophilic disorders including allergic asthma**.
However, the responses to these therapeutic strategies are not very promising perhaps due to limited understand-
ing of the players involved in the eosinophil recruitment. In this study, we dissected the eosinophil recruitment
axis using a mouse model of development-associated lung eosinophilia.

The exact nature of stimulus causing eosinophil recruitment during lung development is unclear, however,
we speculated that the active remodeling/apoptosis in the respiratory tract might cause leakage of intracellular
IL-33 into the developing airspaces. While IL-33 was not detected in the BALF collected from C57BL/6 neo-
nates at PND 10, the immunohistochemical staining of lung sections for IL-33 protein revealed a significantly
increased percentage of IL-33-expressing cells at PND 7 versus PND 10, 15, and 42. These data revealed that the
appearance of increased numbers of IL-33-expressing cells, most likely alveolar type II cells, coincides with the
appearance of eosinophilic recruitment into the airspaces. Consistent with these findings, IL-33 deletion com-
pletely abolished eosinophil recruitment into the developing lungs sugesting that the recruitment of eosinophils
into the airspaces of the developing lungs is an IL-33-mediated response. This also suggests that, in the absence
of IL-33, the presence of IL-25 and TSLP is not adequate for the recruitment of eosinophils into the developing
lung airspaces. This finding is consistent with our recent report where we demonstrated that IL-33 deficiency
results in a complete abolition of eosinophil recruitment to the mucoobstructive airways of Scnn1b-Tg+ mice's.

Since multiple cell types in the lungs harbor ILIRL1(ST2), an IL-33 receptor, we tested whether the eosinophil
recruiting axis traverses through IL-33 — ILCs and/or IL-33 — non-ILCs. Therefore, we hypothesized that the
IL-33 — ILCs axis is critical for eosinophil recruitment. Using IL2ry~~ mice that lack innate lymphoid cells, we
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Figure 6. IL4Ra deletion in myeloid cells does not compromise responsiveness of eosinophils to IL-5/eotaxin-
mediated recruitment into the airspaces. Total number of eosinophils recovered in the femoral bone marrow (A:
bone marrow cytospins, red arrows depict eosinophils; B: eosinophil counts) and blood (C: blood cytospins; red
arrows depict eosinophils; D: eosinophil counts) from WT and mye-IL4Ra™'~ mice (n=4 per group). Scheme for
IL-5/CCL11/CCL24-induced lung eosinophilia (E). Total number of eosinophils recovered from IL-5/CCL11/
CCL24-treated WT and mye-IL4Ra ™~ mice (n=4 per group) (F). Error bars represent SEM. Students t-test. ns;
non-significant. (G) A conceptual overview of the cellular and molecular players during eosinophil recruitment.
Release of IL-33 from the alveolar epithelial cells induces the development of ILC2s. ILC2-derived IL-13 binds
to IL4Ra on myeloid cells and the latter produces detectable levels of IL-13 and IL-4. On the downstream,
eosinophil chemoattractants are produced by myeloid cells, or indirectly by non-myeloid cells, that in turn,
recruit eosinophils into the airspaces. Data in panels A-F were generated using BALF from 3 to 5 independent
animals.

clearly demonstrated that IL-33 indeed acts through ILCs to result in eosinophil recruitment. IL-33 is essential for
the development of ILC2 subtypes?”*2, however, since eosinophils were absent in both IL-337~ and IL2ry™~ mice,
we suggest that only the ILC2s are required for the recruitment of eosinophils.

The Ragl~~ mice, that possess all the non-amnestic equivalents of adaptive immune cells, i.e., ILCs, had no
defect in the eosinophilic recruitment. Indeed, these mice exhibited significantly elevated eosinophil counts
and proportions. Consistent with the increase in eosinophil counts, the Ragl ™~ mice had elevated levels of Th2
cytokines including IL-13, IL-4, and IL-5. These data suggest that the adaptive immune cells suppress the pro-
duction of IL-5 and thus eosinophilic infiltration. These observations are in line with our recent study where we
have shown that the Rag1 deficiency in Scnnlb-Tg mice, a mouse model of mucoobstructive lung disease, results
in exaggerated IL-5 production''. The cells of the adaptive immune system, including Th and regulatory T cells
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(Tregs), are known producers of IL-10, an immunosuppressive cytokine**-*. Furthermore, mast cell-derived

IL-2 is known to promote Treg expansion and IL-10 production that, in turn, has been shown to inhibit ILC2-
mediated eosinophilic recruitment®. Accordingly, we speculate that the immunosuppressive effects of IL-10
on cells that produce eosinophilic chemoattractants result in mitigated eosinophil recruitment under normal
conditions, an effect that was lost in Ragl ™~ mice resulting in exaggerated eosinophilia.

IL-13 is a known product of ILC2s in various experimental models including pulmonary fibrosis'**’, helminth
infection®**! and allergic asthma®**2. Consistent with these reports, IL-13 levels were lower in IL-337/~ as well as
IL2ry~~ mice in developing lungs (Fig. 3B). Interestingly, IL-13 levels also remained at baseline in IL4Ra™'~ mice
despite the fact that they were IL-33 and ILCs sufficient (Fig. 3B). Consistent with IL-13 levels in five experimen-
tal groups (Fig. 3B), IL-4 levels were also present at the baseline levels in IL-337/~, IL2ry~'~, and IL4Ra™'~ mice
(Fig. 3D). These data suggest that the IL4Ra, in addition to IL-33 and IL2ry, are required for the increased
production of IL4Ra ligands i.e., IL-13 and IL-4. IL-5 is another known product of ILC2s in various experi-
mental models with eosinophilic inflammation including influenza virus infection*’ and allergic asthma?2.
Consistent with IL-13 and IL-4 levels, IL-5 levels were also diminished in the BALF from IL-337, [L2ry~', and
IL4Ra™’~ mice (Fig. 2C). The WT mice, on the other hand, had increased levels of IL-13 (Fig. 3B), IL-4 (Fig. 3D),
and IL-5 (Fig. 2C), which correlated with the presence of airspace eosinophils (Fig. 2A,B) in these mice. Collec-
tively, these data suggest that IL4Ra-mediated signaling is essential for the production of IL-13, IL-4, and IL-5.

To delineate the cellular players in the IL4Ra-signaling pathway, we further hypothesized that IL4Ra on one
of the resident cell types, i.e., either epithelial or myeloid cells within the airspaces is essential for eosinophil
recruitment. In this study, we focused on IL4Ra signaling in the myeloid cells. Since myeloid cell populations
in the airspaces are developmentally heterogeneous, we reasoned that, in order to decipher the role of IL4Ra-
myeloid signaling in eosinophil recruitment, it is critical to achieve a near-complete ablation of IL4Ra in myeloid
cells at all stages of development. LysMCre-mediated recombination, although a very efficient system, does not
induce a complete and efficient recombination*!. We suggest two reasons for this inefficient recombination in the
context of lungs: (1) the dosage of Cre recombinase from a single Cre allele may not be sufficient for an efficient
recombination, and/or (2) since the cellular recruitment into the airspaces is a highly dynamic phenomenon,
myeloid cells, particularly macrophages, are constitutively recruited into the airspaces, particularly, during the
time of lung injury/insults. However, newly recruited myeloid cells may have limited or delayed LysM promoter
activation and therefore may be resistant to efficient Cre-mediated recombination.

In order to test whether the dosage from a single Cre allele is insufficient, we compared myeloid deletion using
a single allele (monoallelic) Cre recombinase with a biallelic Cre recombinase, to delete IL4Ra in myeloid cells.
Interestingly, this simple strategy, i.e., increasing the dosage of Cre recombinase, made a dramatic impact. We
found that myeloid-IL4Ra deletion using biallelic Cre completely abolished physiological eosinophil recruitment
into the airspaces while monoallelic Cre resulted in only partial inhibition of eosinophil recruitment. Because Cre
transgene is inserted into the endogenous Lysozyme M promoter through a targeted locus disruption approach,
the biallelic LysMCre status renders the host, Lysozyme M deficient. Therefore, to circumvent the untoward effects
of loss of Lysozyme M, we included a critically important biallelic LysMCre control (LysMcre**/IL4Ra*"*) mice
in our experiments. The data from this control confirmed that the effects observed in myeloid-IL4Ra mice were
not a result of loss of Lysozyme M or Cre-recombinase toxicity. The benefits of biallelic over monoallelic deletion,
however, could be model-specific. For example, while the inactivation of IL4Ra in LysMcre*/ ~/ILARa™ mice,
a genotypic combination stoichiometrically equivalent to LysMcre**/IL4Ra®'%, conferred resistance against
cryptococcus infection®®, no protection in eosinophilic recruitment was reported in LysMcre*’~/IL4Ra ™% mice
against allergic airway disease®.

Lysozyme M is known to express in eosinophils®, therefore, we reasoned that the potential deletion of
IL4Ra in the eosinophils might affect their maturation, exit from the bone marrow, or their abilities to express
chemokine receptors, i.e., eotaxin receptors? (e.g., CCR2, 3, and 5) responsible for their recruitment to the
lungs. However, our analyses of mye-IL4Ra~/~ adult mice did not reveal any defects in the eosinophil population
within the bone marrow or the blood. Further, IL-5 and eotaxin administration was able to induce eosinophil
recruitment into the airspaces of mye-IL4Ra~/~ adult mice. These data suggest that the myeloid-specific IL4Ra
deletion within the eosinophils themselves does not compromise their differentiation into mature cells or their
expression of eotaxin receptors, e.g., CCR2, 3,and 5.

Our knowledge of the cell-specific roles of IL4Ra sufficiency in eosinophilic recruitment is very limited.
Accordingly, we tested whether IL4Ra deficiency in myeloid cells affects the eosinophil recruitment process. The
absence of BALF eosinophilia in mye-IL4Ra~'~ mice and associated reduction in BALF levels of IL-4, IL-5, and
eotaxin suggest that IL4Ra expression in myeloid cells is essential for eosinophil recruitment. Based on these
findings, we propose that IL4Ra-bearing myeloid cells, act as sensors for low levels of ILC2-derived IL-13, that
in turn, further amplifies the levels of IL-4 to perpetuate eosinophilic recruitment. Whether this feedforward
mechanism exists in an autocrine or paracrine manner remains untested. One caveat of this study is that the
LysMcre induces recombination in floxed alleles in multiple cell types of the myeloid lineage including mac-
rophages, neutrophils, basophils, and classical dendritic cells*®*°, Therefore, it is still not clear as to which of
these myeloid cell populations is required for eosinophil recruitment. Therefore, additional studies employing
macrophage-, neutrophil-, basophils-, and cDC-specific IL4Ra-deficient strains are warranted.

In conclusion, this study delineates (Fig. 6G) an eosinophil recruitment axis, IL-33-ILC2-myeloid-IL4Ra-IL-4/
IL-13-eosinophil recruitment, and reveals several innovative findings including (1) IL-33 is essential for eosino-
phil recruitment, (2) innate lymphoid system is indispensable for eosinophil recruitment, (3) adaptive immune
system is dispensable for eosinophil recruitment, and (4) myeloid-specific IL4Ra is essential for the recruit-
ment of eosinophils and production of eosinophil chemoattractants. Collectively, our data show that IL4Ra-
bearing myeloid cells are essential for eosinophil recruitment under physiological conditions. Importantly, we
also provide a simple yet novel approach to achieve an effective myeloid deficiency of IL4Ra. More importantly,
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we believe that the results obtained, particularly in pulmonary research, using single allelic LysMcre-mediated
recombination in other studies may need to be revisited. In summary, our findings suggest that targeting myeloid
cell IL4Ra may be an effective, cell-specific strategy, in eosinophilic lung disease therapeutics.

Received: 9 November 2020; Accepted: 16 July 2021
Published online: 29 July 2021

References

1. Jacobsen, E. A., Helmers, R. A, Lee, J. J. & Lee, N. A. The expanding role(s) of eosinophils in health and disease. Blood 120,
3882-3890. https://doi.org/10.1182/blood-2012-06-330845 (2012).

2. Jacobsen, E. A., Ochkur, S. 1., Lee, N. A. & Lee, J. ]. Eosinophils and asthma. Curr. Allergy Asthma Rep. 7, 18-26 (2007).

3. Kay, A. B,, Phipps, S. & Robinson, D. S. A role for eosinophils in airway remodelling in asthma. Trends Immunol. 25, 477-482.
https://doi.org/10.1016/}.it.2004.07.006 (2004).

4. Legrand, E & Klion, A. D. Biologic therapies targeting eosinophils: Current status and future prospects. J. Allergy Clin. Immunol.
3, 167-174. https://doi.org/10.1016/j.jaip.2015.01.013 (2015).

5. Fulkerson, P. C. & Rothenberg, M. E. Targeting eosinophils in allergy, inflammation and beyond. Nat. Rev. Drug Discov. 12,
117-129. https://doi.org/10.1038/nrd3838 (2013).

6. Yi, S. et al. Eosinophil recruitment is dynamically regulated by interplay among lung dendritic cell subsets after allergen challenge.
Nat. Commun. 9, 3879. https://doi.org/10.1038/s41467-018-06316-9 (2018).

7. Pope, S. M. et al. IL-13 induces eosinophil recruitment into the lung by an IL-5- and eotaxin-dependent mechanism. J. Allergy
Clin. Immunol. 108, 594-601. https://doi.org/10.1067/mai.2001.118600 (2001).

8. Lott, J. M., Sumpter, T. L. & Turnquist, H. R. New dog and new tricks: Evolving roles for IL-33 in type 2 immunity. J. Leukoc. Biol.
97, 1037-1048. https://doi.org/10.1189/jlb.3R11214-595R (2015).

9. Larose, M. C., Archambault, A. S., Provost, V., Laviolette, M. & Flamand, N. Regulation of eosinophil and group 2 innate lymphoid
cell trafficking in asthma. Front. Med. 4, 136. https://doi.org/10.3389/fmed.2017.00136 (2017).

10. Li, D. et al. IL-33 promotes ST2-dependent lung fibrosis by the induction of alternatively activated macrophages and innate lym-
phoid cells in mice. J. Allergy Clin. Immunol. 134, 1422-1432. https://doi.org/10.1016/j.jaci.2014.05.011 (2014).

11. Lewis, B. W. et al. The innate lymphoid system is a critical player in the manifestation of mucoinflammatory airway disease in
mice. J. Immunol. 205, 1695-1708. https://doi.org/10.4049/jimmunol.2000530 (2020).

12. Livraghi, A. et al. Airway and lung pathology due to mucosal surface dehydration in beta}-epithelial Na+ channel-overexpressing
mice: Role of TNF-{alpha and IL-4R{alpha} signaling, influence of neonatal development, and limited efficacy of glucocorticoid
treatment. J. Immunol. 182, 4357-4367. https://doi.org/10.4049/jimmunol.0802557 (2009).

13. Oboki, K. et al. IL-33 is a crucial amplifier of innate rather than acquired immunity. Proc. Natl. Acad. Sci. USA 107, 18581-18586.
https://doi.org/10.1073/pnas.1003059107 (2010).

14. Herbert, D. R. et al. Alternative macrophage activation is essential for survival during schistosomiasis and downmodulates T helper
1 responses and immunopathology. Immunity 20, 623-635 (2004).

15. Saini, Y. et al. Neonatal pulmonary macrophage depletion coupled to defective mucus clearance increases susceptibility to pneumo-
nia and alters pulmonary immune responses. Am. J. Respir. Cell Mol. Biol. 54, 210-221. https://doi.org/10.1165/rcmb.2014-01110C
(2016).

16. Lewis, B. W. et al. Early postnatal secondhand smoke exposure disrupts bacterial clearance and abolishes immune responses in
muco-obstructive lung disease. J. Immunol. 199, 1170-1183. https://doi.org/10.4049/jimmunol.1700144 (2017).

17. Choudhary, I, Vo, T., Paudel, K., Patial, S. & Saini, Y. Compartment-specific transcriptomics of ozone-exposed murine lungs
reveals sex and cell type-associated perturbations relevant to mucoinflammatory lung diseases. Am. J. Physiol. Lung Cell Mol.
Physiol. https://doi.org/10.1152/ajplung.00381.2020 (2020).

18. Lewis, B. W. et al. Ablation of IL-33 suppresses Th2 responses but is accompanied by sustained mucus obstruction in the scnnlb
transgenic mouse model. J. Immunol. 204, 1650-1660. https://doi.org/10.4049/jimmunol.1900234 (2020).

19. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676-682. https://doi.org/10.1038/
nmeth.2019 (2012).

20. Griffiths-Johnson, D. A., Collins, P. D., Rossi, A. G., Jose, P. J. & Williams, T. J. The chemokine, eotaxin, activates guinea-pig
eosinophils in vitro and causes their accumulation into the lung in vivo. Biochem. Biophys. Res. Commun. 197, 1167-1172. https://
doi.org/10.1006/bbrc.1993.2599 (1993).

21. Collins, P. D., Marleau, S., Griffiths-Johnson, D. A, Jose, P. J. & Williams, T. J. Cooperation between interleukin-5 and the
chemokine eotaxin to induce eosinophil accumulation in vivo. J. Exp. Med. 182, 1169-1174. https://doi.org/10.1084/jem.182.4.
1169 (1995).

22. Schmitz, J. et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper
type 2-associated cytokines. Immunity 23, 479-490. https://doi.org/10.1016/j.immuni.2005.09.015 (2005).

23. Cao, X. et al. Defective lymphoid development in mice lacking expression of the common cytokine receptor gamma chain. Immu-
nity 2, 223-238. https://doi.org/10.1016/1074-7613(95)90047-0 (1995).

24. Mombaerts, P. et al. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68, 869-877. https://doi.org/10.1016/0092-
8674(92)90030-g (1992).

25. Klein Wolterink, R. G. et al. Pulmonary innate lymphoid cells are major producers of IL-5 and IL-13 in murine models of allergic
asthma. Eur. J. Immunol 42, 1106-1116. https://doi.org/10.1002/¢ji.201142018 (2012).

26. Motomura, Y. et al. Basophil-derived interleukin-4 controls the function of natural helper cells, a member of ILC2s, in lung inflam-
mation. Immunity 40, 758-771. https://doi.org/10.1016/j.immuni.2014.04.013 (2014).

27. Price, A. E. et al. Systemically dispersed innate IL-13-expressing cells in type 2 immunity. Proc. Natl. Acad. Sci. USA 107, 11489-
11494. https://doi.org/10.1073/pnas. 1003988107 (2010).

28. Noben-Trauth, N. et al. An interleukin 4 (IL-4)-independent pathway for CD4+ T cell IL-4 production is revealed in IL-4 receptor-
deficient mice. Proc. Natl. Acad. Sci. USA 94, 10838-10843. https://doi.org/10.1073/pnas.94.20.10838 (1997).

29. Faust, N, Varas, E, Kelly, L. M., Heck, S. & Graf, T. Insertion of enhanced green fluorescent protein into the lysozyme gene creates
mice with green fluorescent granulocytes and macrophages. Blood 96, 719-726 (2000).

30. Spencer, L. A. & Weller, P. E. Eosinophils and Th2 immunity: Contemporary insights. Immunol. Cell Biol. 88, 250-256. https://doi.
0rg/10.1038/icb.2009.115 (2010).

31. Divekar, R. & Kita, H. Recent advances in epithelium-derived cytokines (IL-33, IL-25, and thymic stromal lymphopoietin) and
allergic inflammation. Curr. Opin. Allergy Clin. Immunol. 15, 98-103. https://doi.org/10.1097/ACI.0000000000000133 (2015).

32. Neill, D. R. et al. Nuocytes represent a new innate effector leukocyte that mediates type-2 immunity. Nature 464, 1367-1370.
https://doi.org/10.1038/nature08900 (2010).

33. Saenz, S. A. et al. IL-25 simultaneously elicits distinct populations of innate lymphoid cells and multipotent progenitor type 2

(MPPtype2) cells. J. Exp. Med. 210, 1823-1837. https://doi.org/10.1084/jem.20122332 (2013).

Scientific Reports |

(2021) 11:15465 | https://doi.org/10.1038/s41598-021-94843-9 nature portfolio


https://doi.org/10.1182/blood-2012-06-330845
https://doi.org/10.1016/j.it.2004.07.006
https://doi.org/10.1016/j.jaip.2015.01.013
https://doi.org/10.1038/nrd3838
https://doi.org/10.1038/s41467-018-06316-9
https://doi.org/10.1067/mai.2001.118600
https://doi.org/10.1189/jlb.3RI1214-595R
https://doi.org/10.3389/fmed.2017.00136
https://doi.org/10.1016/j.jaci.2014.05.011
https://doi.org/10.4049/jimmunol.2000530
https://doi.org/10.4049/jimmunol.0802557
https://doi.org/10.1073/pnas.1003059107
https://doi.org/10.1165/rcmb.2014-0111OC
https://doi.org/10.4049/jimmunol.1700144
https://doi.org/10.1152/ajplung.00381.2020
https://doi.org/10.4049/jimmunol.1900234
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1006/bbrc.1993.2599
https://doi.org/10.1006/bbrc.1993.2599
https://doi.org/10.1084/jem.182.4.1169
https://doi.org/10.1084/jem.182.4.1169
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1016/1074-7613(95)90047-0
https://doi.org/10.1016/0092-8674(92)90030-g
https://doi.org/10.1016/0092-8674(92)90030-g
https://doi.org/10.1002/eji.201142018
https://doi.org/10.1016/j.immuni.2014.04.013
https://doi.org/10.1073/pnas.1003988107
https://doi.org/10.1073/pnas.94.20.10838
https://doi.org/10.1038/icb.2009.115
https://doi.org/10.1038/icb.2009.115
https://doi.org/10.1097/ACI.0000000000000133
https://doi.org/10.1038/nature08900
https://doi.org/10.1084/jem.20122332

www.nature.com/scientificreports/

34. Roan, E, Obata-Ninomiya, K. & Ziegler, S. F. Epithelial cell-derived cytokines: more than just signaling the alarm. J. Clin. Investig.
129, 1441-1451. https://doi.org/10.1172/JCI124606 (2019).

35. Maes, T, Joos, G. F. & Brusselle, G. G. Targeting interleukin-4 in asthma: Lost in translation?. Am. J. Respir. Cell Mol. Biol. 47,
261-270. https://doi.org/10.1165/rcmb.2012-0080TR (2012).

36. Ouyang, W, Rutz, S., Crellin, N. K., Valdez, P. A. & Hymowitz, S. G. Regulation and functions of the IL-10 family of cytokines in
inflammation and disease. Annu. Rev. Immunol. 29, 71-109. https://doi.org/10.1146/annurev-immunol-031210-101312 (2011).

37. Moore, K. W,, de Waal Malefyt, R., Coffman, R. L. & O’Garra, A. Interleukin-10 and the interleukin-10 receptor. Annu. Rev.
Immunol. 19, 683-765. https://doi.org/10.1146/annurev.immunol.19.1.683 (2001).

38. Fiorentino, D. E, Bond, M. W. & Mosmann, T. R. Two types of mouse T helper cell. IV. Th2 clones secrete a factor that inhibits
cytokine production by Th1 clones. J. Exp. Med. 170, 2081-2095. https://doi.org/10.1084/jem.170.6.2081 (1989).

39. Morita, H. et al. An interleukin-33-mast cell-interleukin-2 axis suppresses papain-induced allergic inflammation by promoting
regulatory T cell numbers. Immunity 43, 175-186. https://doi.org/10.1016/j.immuni.2015.06.021 (2015).

40. Hams, E. et al. IL-25 and type 2 innate lymphoid cells induce pulmonary fibrosis. Proc. Natl. Acad. Sci. USA 111, 367-372. https://
doi.org/10.1073/pnas.1315854111 (2014).

41. Hung, L. Y. et al. IL-33 drives biphasic IL-13 production for noncanonical type 2 immunity against hookworms. Proc. Natl. Acad.
Sci. USA 110, 282-287. https://doi.org/10.1073/pnas.1206587110 (2013).

42. Doherty, T. A. et al. Lung type 2 innate lymphoid cells express cysteinyl leukotriene receptor 1, which regulates TH2 cytokine
production. J. Allergy Clin. Immunol. 132, 205-213. https://doi.org/10.1016/j.jaci.2013.03.048 (2013).

43. Gorski, S. A., Hahn, Y. S. & Braciale, T. J. Group 2 innate lymphoid cell production of IL-5 is regulated by NKT cells during influenza
virus infection. PLoS Pathog. 9, €1003615. https://doi.org/10.1371/journal.ppat.1003615 (2013).

44. Vannella, K. M. et al. Incomplete deletion of IL-4Ralpha by LysM(Cre) reveals distinct subsets of M2 macrophages controlling
inflammation and fibrosis in chronic schistosomiasis. PLoS Pathog. 10, e1004372. https://doi.org/10.1371/journal.ppat.1004372
(2014).

45. Muller, U. et al. Abrogation of IL-4 receptor-alpha-dependent alternatively activated macrophages is sufficient to confer resistance
against pulmonary cryptococcosis despite an ongoing T(h)2 response. Int. Immunol. 25, 459-470. https://doi.org/10.1093/intimm/
dxt003 (2013).

46. Nieuwenhuizen, N. E. et al. Allergic airway disease is unaffected by the absence of IL-4Ralpha-dependent alternatively activated
macrophages. J. Allergy Clin. Immunol. 130, 743-750. https://doi.org/10.1016/j.jaci.2012.03.011 (2012).

47. Borchers, M. T. et al. In vitro assessment of chemokine receptor-ligand interactions mediating mouse eosinophil migration. J.
Leukoc. Biol. 71, 1033-1041 (2002).

48. Clausen, B. E., Burkhardt, C., Reith, W., Renkawitz, R. & Forster, I. Conditional gene targeting in macrophages and granulocytes
using LysMcre mice. Transgenic Res. 8, 265-277. https://doi.org/10.1023/a:1008942828960 (1999).

49. Abram, C. L., Roberge, G. L., Hu, Y. & Lowell, C. A. Comparative analysis of the efficiency and specificity of myeloid-Cre deleting
strains using ROSA-EYFP reporter mice. J. Immunol. Methods 408, 89-100. https://doi.org/10.1016/j.jim.2014.05.009 (2014).

Acknowledgements
We thank Thaya Stoufllet for assistance with multiplex cytokine assays.

Author contributions

Y.S. and S.P. conceived and designed the research; S.P., BW.L,, T.V,, 1.C,, D.S., K.P,, YM,, and Y. S. maintained the
animal colony, conducted animal necropsies, performed BALF cellularity assays; performed cytokine analyses,
and performed immunohistochemistry experiments; S.P. performed immunohistochemial analyses; EB. provided
IL4Ra floxed mice, S.P,, B.W.L,, EB., and Y.S. reviewed the manuscript for intellectual contents. S.P. and Y.S. wrote
and reviewed the manuscript for intellectual contents.

Funding

This work was supported by the National Institute of Environmental Health Sciences Grant RO1ES030125 (to
Y.S.), the National Institute of General Medical Sciences Grant P20GM130555-6611 (to Y.S.), and P20GM130555-
6612 (to S.P).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-94843-9.

Correspondence and requests for materials should be addressed to Y.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2021

Scientific Reports |

(2021) 11:15465 | https://doi.org/10.1038/s41598-021-94843-9 nature portfolio


https://doi.org/10.1172/JCI124606
https://doi.org/10.1165/rcmb.2012-0080TR
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1084/jem.170.6.2081
https://doi.org/10.1016/j.immuni.2015.06.021
https://doi.org/10.1073/pnas.1315854111
https://doi.org/10.1073/pnas.1315854111
https://doi.org/10.1073/pnas.1206587110
https://doi.org/10.1016/j.jaci.2013.03.048
https://doi.org/10.1371/journal.ppat.1003615
https://doi.org/10.1371/journal.ppat.1004372
https://doi.org/10.1093/intimm/dxt003
https://doi.org/10.1093/intimm/dxt003
https://doi.org/10.1016/j.jaci.2012.03.011
https://doi.org/10.1023/a:1008942828960
https://doi.org/10.1016/j.jim.2014.05.009
https://doi.org/10.1038/s41598-021-94843-9
https://doi.org/10.1038/s41598-021-94843-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Myeloid-IL4Rα is an indispensable link in IL-33-ILCs-IL-13-IL4Rα axis of eosinophil recruitment in murine lungs
	Materials and methods
	Animals husbandry. 
	BALF, blood, and bone marrow harvesting and analyses. 
	Cytokine estimation. 
	IL-5eotaxin- or IL-13-mediated lung eosinophilia. 
	ILC2 flow cytometry. 
	Immunohistochemistry. 
	Statistical analyses. 

	Results
	Airspace eosinophilia is a consistent feature of neonatal lung development in mice. 
	The innate lymphoid system, but not the adaptive immune system, is essential for developmental eosinophilic recruitment. 
	IL4Rα signaling is required by ILCs for developmental eosinophil recruitment. 
	IL4Rα ligands, i.e., IL-13 and IL-4, are required for eosinophil recruitment into the developing airspaces. 
	Myeloid-IL4Rα signaling is essential for developmental eosinophil recruitment. 
	Myeloid-IL4Rα signaling is essential for IL-13-induced lung eosinophilia. 

	Discussion
	References
	Acknowledgements


