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Background: Secretoglobin (SCGB) 3A2 is a novel bioactive molecule with anti-inflammatory and anti-fibrotic activities. SCGB3A2
also promotes the maturation of bronchial divergence and the lungs during embryonic development. However, much remains unknown
concerning the roles of SCGB3A2 in diseases associated with aging.

Methods: The lungs of Scgb3a2-knockout (KO) mice and their wild-type (WT) littermates were subjected to histological analysis,
Victoria blue staining to evaluate of elastic fibers, and lung morphometric analysis during the postnatal period (birth to 8 weeks) and
during aging (8 weeks to 2 years). Their spleens were also histologically evaluated. The expression of lung surfactant protein (SP)
mRNAs was examined by quantitative reverse transcriptase-polymerase chain reaction. RNA sequencing (RNAseq) analysis was
performed on 3-month-old KO and WT mouse lungs.

Results: The alveolar spaces of KO mice continuously expanded between 0.5 and 2 years of age, accompanied by increases of the
mean linear intercept and destructive index. KO mouse lungs displayed inflammation associated with lymphocyte aggregate starting at
1 year of age, and the inflammation was worse than that of WT mouse lungs. A high number of lymphoma-like cells were presented in
2-year-old KO mouse lungs. White pulp fusion was detected in the spleens of both WT and KO mice older than 0.5 years; however, the
fusion was more severe in KO mice than in WT mice. The expression of surfactant protein (SP)-A, SP-B, SP-C, and SP-D mRNAs in
KO mouse lungs decreased with age, and after 1 year of age, the expression of most SPs was significantly lower in KO mice than in
WT mice. RNAseq demonstrated that the expression of immune system-related genes was highly altered in KO mouse lungs.
Conclusion: SCGB3A2 may be required for maintaining homeostasis and immune activity in the lungs during aging. SCGB3A2
deficiency might increase the risk of emphysema of the lung.
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Introduction

Secretoglobin (SCGB) 3A2, previously called uteroglobin-related protein 1 (UGRP1"), was identified as a downstream
target of the homeodomain transcription factor NKX2-1, a key transcription factor involved in lung development and the
expression of lung-specific genes.? SCGB3A2 is an approximately 10-kDa cytokine-like protein that exists in dimers and/
or tetramers,” and it is primarily secreted by airway epithelial Club cells.' SCGB3A2 has an anti-inflammatory activity,*
it improves pulmonary fibrosis,”’ and it promotes the regeneration of epithelial cells and development of embryonic
lungs.®® A recent study demonstrated that SCGB3A2 forms a complex with lipopolysaccharide (LPS) and chaperons
LPS into the cytosol through binding with the SCGB3A2-specific cell surface receptor syndecan-1, followed by
endocytosis. The internalized LPS activates the caspase-11 (4/5 in humans)-dependent non-canonical inflammasome
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pathway, leading to pyroptosis (inflammatory cell death).*” This indicates that SCGB3A2 also functions as an immune
cell-independent defense mechanism against pathogens that enter the lungs.’

SCGB1A1, the founding member of the SCGB family, is also known as uteroglobin, Club cell secretory protein, or
Club cell 10-kDa protein (CC10), and it has been demonstrated to exert anti-inflammatory activity in the lungs and to
function in immune regulation, such as the inhibition of neutrophil migration and tumor suppression.'®"'* Pathways
directly involved in antigen presentation, antiviral immunity, and inflammation in alveolar macrophages were signifi-
cantly suppressed in Scgblal-deficient mice compared with age-matched normal mice, suggesting that SCGB1A1 plays
an important role in the formation of alveolar macrophage-mediated inflammation and immune responses.'* Thus, SCGB
family proteins may be important for the maintenance of lung homeostasis, immunity, and the development of lung, and
respiratory diseases.

In C57BL/6 mice, starting immediately after birth and persisting until 2 years of age, lung compliance, lung volume,
and the mean linear intercept (Lm), as indicators of lung function, increase with age, resulting in decreased airway
resistance, similar to changes reported in human lungs.'*'> In humans, the total levels of collagen and elastin in the lungs
are not changed by aging, whereas it is believed that changes in the lung parenchyma are caused by changes in the
connective tissue of the lungs.'® Elastin is an evolutionarily conserved protein in vertebrates that plays a major role in
mechanical properties, such as lung and vascular flexibility. Elastin is essential in lung tissue, and homozygous elastin-
deficient mice die within the first few days of life.!” The half-life of human elastin is estimated at approximately 70
years.]gf20

It remains unclear whether SCGB3A2 plays any role in neonatal development/maturation and aging in the lungs in
mice. The relationships of SCGB3A2 with elastin and other surfactant proteins (SPs) concerning the morphogenesis and
structure of the lungs are also unknown. In this study, we examined the role of SCGB3A2 in the lungs during neonatal
development/maturation and aging using genetically modified Scgb3a2-knockout (KO) mice and wild-type (WT)
littermates as controls over the period from birth (day 0) to 2 years old.

Materials and Methods

Animals

Scgb3a2-KO mice on the C57BL/6N background and WT littermates (0, 1, 5, 7, and 15 days; 8 weeks; and 0.5, 1, 1.5,
and 2 years old) were used in this study. Unless otherwise noted, at least four animals were used for each age group, and
equal numbers of males and females were analyzed. Scgh3a2-KO mice were previously described.?! Mice were housed
in plastic cages in a controlled room at a temperature of 22—-24°C and provided clean food and water. The lighting in the
room was automatically turned on and off every 12 h. Animal experiments were conducted after approval from the
Yamagata University Animal Experiment Committee. The research has been carried out in accordance with the
Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan) and international guiding principles
for biomedical research involving animals.

Lung Sample Preparation

All mice were anesthetized by an intraperitoneal administration of somnopentyl (64.8 mg/kg) (Kyoritsu Pharmaceutical,
Tokyo, Japan). Blood was collected from the inferior vena cava and centrifuged at 5000 rpm at 4°C for 5 min to prepare
serum. Lung tissue was gently lavaged three times with 0.5 mL of phosphate-buffered saline (PBS) through a tracheal
cannula, and bronchoalveolar lavage fluid was obtained. The left main bronchus was then ligated, and the left lung was
excised and halved. One half of the lung was immersed in TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) for
RNA extraction, and the other half was placed in lysis buffer [25 mM Tris-base, 10 mM EGTA, 10 mM EDTA 0.1% NP-
40, and 1x protease Inhibitor cocktail (Thermo Fisher Scientific)] for protein extraction. The remaining right lung tissue
was fixed intratracheally with 4% paraformaldehyde (PFA) in 0.1% phosphate buffer (PB), pH 7.4 under a constant
pressure of 25 cmH,0O for histological analysis. For mice aged 0, 1, 5, 7, and 15 days, all lung lobes were resected and
processed for histological analysis or gene expression analysis. Spleen was extracted, photographed, and fixed in 4% PFA
in PB. All tissues were fixed for 16-24 h.
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Morphology

The paraffin-embedded sections of mouse lungs and spleens were sliced at a thickness of 4 um for histological
examination. For lungs, hematoxylin and eosin (HE) staining was performed to evaluate tissue histopathology and
determine the mean linear intercept (Lm) and the destructive index (DI), whereas Victoria blue (VB) staining was
performed to detect elastin. The evaluation method for elastin was described in the Supplemental Materials and Methods.

Five transverse lines were drawn per visual field (x200 magnification), and Lm was calculated by dividing the length (L)
of the transverse line by the number of times (m) the transverse line was interrupted by the alveolar wall [Lm =5 x L/m
(um)].>2* To determine DI, 50 points arranged at equal intervals were overlaid onto issue images. Alveoli located
below the points were regarded as destroyed if they met at least one of the following criteria: (1) at least two defects in
the alveolar wall, (2) two or more parenchymal fragments in the alveolar lumen, (3) obvious morphological abnormal-
ities, and (4) classic emphysematous changes. DI was calculated by dividing the number of destroyed alveoli by the total
number of alveoli.>*** Lm and DI were evaluated for 10 visual fields per mouse.

Immunohistochemistry (IHC) was performed to evaluate expression of SCGB3A2 and Ym1/2, a marker of macro-
phage pneumonia?®® and type II macrophages,® in the lungs. In brief, after deparaffinization, sections were washed with
pure water and immersed in 0.3% H,0, in methanol for 30 min at room temperature to inactivate endogenous peroxidase
in the tissue. Tissue was then heated in a citrate buffer (pH.6.0) for 10 min at 750 W power, using a microwave oven for
antigen activation. Citrate buffer was cooled, and the sections were reacted with 5% milk (Morinaga Milk, Tokyo, Japan)
in PBS (pH 7.4) for 1 h at room temperature to block nonspecific proteins. Primary antibodies against mUGRP1 (same as
SCGB3A2, AF3465, R&D Systems, Minneapolis, MN, USA) or Ym1/2 (ab192029, Abcam, Cambridge, MA, USA)
diluted 2000-fold with 5% milk in PBS were reacted with the slides at 4°C for 16—-18 h. After the primary antibody
reaction, biotin-labeled secondary antibody, supplemented with normal (rabbit or goat) serum was added to the tissues
and reacted for 30 min at room temperature followed by reaction with HRP-labeled avidin and biotin complex for 30 min
at room temperature in the dark (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA). SCGB3A2 and
Ym1/2 were visualized using 3, 3’-diaminobenzidine (DAB) (Dako Japan, Tokyo, Japan), counterstained with hematox-
ylin for 1 min to visualize the nucleus, and then immersed in warm water at 60°C. The stained tissue specimens were
observed using an upright BX51 microscope (Olympus, Tokyo, Japan), and the tissue images were captured using a
DP51 digital camera (Olympus). The expression and localization of SCGB3A2 and Ym1/2 in the lung tissues were then
assessed. All histological observations were made by two to three investigators from different laboratories blinded to
genotype, age in weeks, and sex.

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qQRT-PCR)

The left lung of each mouse was crushed in 2 mL of TRIzol using a homogenizer (Hiscotron, NS-52, Microtechnion,
Chiba, Japan) to form a suspension, and total RNA was extracted according to the manufacturer’s protocol. The total
RNA concentration and purity were measured using a spectrophotometer (NanoDrop-1000, Thermo Fisher Scientific).
The removal of genomic DNA from total RNA and the reverse transcription reaction were performed using a PrimeScript
reagent kit with gDNA Eraser (Takara Bio, Shiga, Japan) according to the manufacturer’s instruction. The expression of
representative lung-specific genes was analyzed by qRT-PCR using an Mx-3000P system (Agilent Technologies, CA,
USA) and SYBR®™ Premix Ex Taq"™ II (Takara) with the primers presented in Supplemental Table S1. The conditions
used were as follows: 95°C for 30s; 40 cycles of 95°C for 10s and 60°C for 30s; and as an additional cycle of 95 °C for
60s, 55 °C for 30s, and 95 °C for 30s. The standard curve method was used, and all data were normalized to B-actin

expression.

RNA Sequencing (RNAseq)

RNAs purified from the lungs of Scgb3a2-null and corresponding WT mice (3-month-old males) were subjected to
RNAseq on a HiSeq2500 system using an Illumina TruSeq v4 chemistry kit (https://www.illumina.com/) by the NCI

sequencing core (Frederick, MD, USA). Sequencing reads were mapped to mouse genome mm10. The HTseq?’ module
was used for counts calling from the bam files. Data processing was performed using the computational resources of the
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NIH HPC Biowulf cluster (http://hpc.nih.gov). Sequencing read counts were input to RStudio (https://rstudio.com/) and

further analyzed using the Deseq2 package28 (https://github.com/mikelove/DESeq2). Data normalization, annotation, and

differential expression analysis were conducted using the Deseq2 package. The heatmap plot was created using the gplots
package (https://github.com/cran/gplots). Genes in KO samples with 2-fold changes in expression versus the control level

and p value less than 0.01 were selected for downstream analysis. Signaling pathways were enriched using the online
software Metascape (https:/metascape.org).”® The RNAseq data have been submitted to the NCBI Gene-Expression
Omnibus under GEO accession number GSE186515.

Statistical Analysis

The values obtained from the experiments are presented as the mean + standard deviation (SD). Significant differences

were assessed by performing one-way analysis of variance (ANOVA), followed by the Tukey—Kramer post hoc test

among multiple groups and Student’s #-test between two groups. Differences were considered significant at p < 0.05.
Information on additional methods, Evaluation of elastic fiber content, Cell culture, and Fluorescent immunostaining,

are provided in the Supplemental Materials and Methods in the Supplemental information.

Results
Lung Morphology During Neonatal Development/Maturation

To examine the effect of SCGB3A2 on lung development/maturation, lung tissues from WT and Scgb3a2-KO mice were
examined at various ages from 0 to 15 days and 8 weeks. The lungs of WT and KO mice on day 0O displayed
underdeveloped structures, with thick alveolar walls and large alveolar cavities (Figure 1A i and ii). As pulmonary
structures in mice require approximately 30 postnatal days to mature,” the alveolar wall gradually became thinner and
the alveolar cavity became smaller during the first 15 postnatal days (Figure 1A i—x). At day 15, alveolar formation in
WT and KO mice was similar to that observed in 8-week-old mature lungs (Figure 1A i—xii), whereas the alveolar spaces
of the 8-week-old KO mouse lungs appeared to be slightly enlarged compared to those of their WT counterpart
(Figure 1A xi and xii). VB staining, which detects connective tissue, elastic fibers, and fibrosis, was then performed to
determine the elasticity of lung tissue (Figure 1B). Positive VB staining was observed in the basement membrane of
blood vessels, trachea, and alveoli in both WT and Scgb3a2-KO mouse lungs. The intensity of VB staining in the alveolar
epithelia increased from 0 to 15 days, and the staining patterns were similar between 15 days and 8 weeks and between
the two genotypes (Figure 1B i—xii). Image analysis of alveolar elastin levels from 0 day to 2 years showed that alveolar
elastin clearly began to increase on day 15 and remained at similar levels from 8 weeks through 2 years of age
(Supplemental Figure S1). Apparent differences were found in the elastin signal intensity between alveolar epithelia

from WT and KO mice at most ages, with KO alveolar epithelia in general having slightly stronger intensity. Conversely,
the blue signals in the vascular basement membrane and the trachea of both WT and KO mouse lungs were comparable at
most ages (Figure 1B). Immunohistochemical analysis confirmed the expression of SCGB3A2 in the bronchial epithelial
cells of WT mice from day O to 8 weeks and 1 year (Supplemental Figure S2Ai—vii). No SCGB3A2 expression was

observed as expected in KO mouse lungs (Supplemental Figure S2Aviii). In addition, qRT-PCR illustrated that Scgb3a2

mRNA expression was low from day 0 to day 7, with apparent increases at day 15 and further increases at 8 weeks
(Supplemental Figure S2B). These results demonstrated that SCGB3A2 deficiency does not affect the maturation of

postnatal lung morphogenesis.

Lung Morphology During Aging Process

To clarify the effects of SCGB3A2 on lung morphology and function during aging, lung tissues obtained from WT and
Scgb3a2-KO mice at the ages of 8 weeks and 0.5, 1, 1.5, and 2 years were examined. Scgb3a2-KO mice (71%) had a
similar 2-year survival rate as WT mice (69%). In WT mice, the alveolar space in lung tissue did not increase remarkably
from 8 weeks to 1 year of age (Figure 2A 1i, iii, and v), whereas in Scgb3a2-KO mice, the alveolar space appeared to be
slightly enlarged at 8 weeks of age (Figure 2A ii), with continued enlargement from 0.5 to 2 years of age compared with
that in WT mice (Figure 2A iii—x). VB staining was performed to determine the elasticity of aging lung tissues of WT and
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Figure | Morphology and elastic fiber formation in the lungs during development/maturation. (A) Representative hematoxylin and eosin (HE)-stained staining images of lung
tissues from wild-type (WT) and Secretoglobin (Scgb) 3a2-knockout (KO) mice from birth (day 0) to 8 weeks of age (8 w) (i—xii). Neonatal alveolus formation and alveolar
development were observed from day 0 to day 15 (i—x), in line with the histology observed in 8-week-old mouse lungs (xi and xii). Scale bars: 50 um. (B) Representative
Victoria blue (VB) staining of lung tissues from WT and Scgb3a2-KO mice from birth (day 0) to 8 weeks of age (8 w) (i—xii). Alveolar elastin staining increased from day 0 to
day 15 (i—x), and the intensity remained similar between day 15 (ix and x) and 8 w (xi and xii). Blue: VB elastin staining; black arrowheads: basement membranes of bronchi;
white arrowheads: basement membranes of blood vessels. Scale bars: 20 pm.

Scgb3a2-KO mice (Figure 2B). As mice aged from 1 to 2 years, the intensity of VB staining in the basement membrane
of pulmonary alveoli of WT mouse lungs gradually decreased (Figure 2B i, iii, and v), whereas decreased VB staining
and the destruction of alveolar elastin fiber were evident in Scgb3a2-KO mouse lungs (Figure 2B ii, iv, and vi).

To quantify whether SCGB3A2 deficiency affected alveolar cavity expansion in addition to the tissue changes
presented in Figure 2A and B, Lm and DI were measured as indicators of lung morphological changes in WT and
Scgb3a2-KO mouse lungs (Figure 3). Lm in WT mice remained constant from 8 weeks to 1.5 years old and increased
significantly at 2 years old (Figure 3A). Conversely, Scgb3a2-KO mice exhibited similar Lm from 8 weeks to 0.5 years,
and the value then became significantly larger than that in WT mice after 1 year (Figure 3A). In addition, DI was
significantly larger in Scgb3a2-KO mice than in WT mice at any age from 8 weeks to 2 years old, and the values further
increased after an age of 1 year (Figure 3B). DI remained constant in WT mouse lungs throughout the aging process.
These results demonstrated that Scgb3a2 deficiency contributed to the destruction of lung alveolar structures during

aging.
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Figure 2 Morphology and elastic fiber formation in the lungs during aging process. (A) Representative hematoxylin and eosin (HE)-stained images of lung tissues from wild-
type (WT) and Secretoglobin (Scgb) 3a2-knockout (KO) mice at 8 weeks old (8 w) and from 0.5 to 2 years old (0.5-2 y) (i-x). In WT mouse lungs, the expansion of the
alveolar cavity was occasionally observed in the lungs of 1.5 y and 2 y. Conversely, in Scgb3a2-KO mouse lungs, more numbers of alveoli with remarkable cavity expansion
were observed after | year of age (I y) (vi, viii, and x). Scale bars: 50 um. (B) Representative Victoria blue (VB) staining of lung tissues from WTand Scgb3a2-KO mice from |
year (| y) to 2 years (2 y) of age (i-vi). In both WT and KO lungs, some of cleaved alveolar walls were stained dark blue stain by VB staining (arrowheads). A high degree of
elastin fiber destruction was observed in the alveoli of KO mouse lungs (i, iv, and vi). Asterisk (¥): elastin fiber destruction, Blue: VB elastin staining, Scale bars: 20 pm.
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Figure 3 Lm and DI in lung tissues during aging. (A) Mean linear intercept (Lm) in wild-type (WT) and Secretoglobin (Scgb) 3a2-knockout (KO) mouse lungs from 8 weeks (8
w) to 2 years of age (2 y). Lm of WT significantly increased in 2-year-old (2 y) in WT mice, whereas that in KO mice gradually increased after | year (I y), being significantly
larger than that in WT. (B) Destructive index (DI) in wild-type and Scgb3a2-KO mouse lungs from 8 w to 2 y. DI was constant regardless of age in WT mice, and after | year
of age (I y) in KO mice. Filled columns and black dots: WT; open columns and white dots: KO; N=5-9. Specifically, the number of mice analyzed were as follows: WT [8w: 3
males (m), 2 females (f); 0.5y: 4m, 4f; ly: 3m, 2f; 1.5y: 5f; 2y: 3m, 5f] and KO (8w: 4m, 3f; 0.5y: 3m, 4f; ly: 2m, 2f; |.5y: 5m, 4f; 2y: 3m, 3f). Because Lm and DI did not
apparently differ between male and female mice, the results were combined. Data are presented as the mean * standard deviation (SD). Statistical differences between ages
in the same strain were analyzed by one-way analysis of variance (ANOVA), followed by the Tukey—Kramer post hoc test (*p < 0.05, *p < 0.01). Differences between
different strains at the same age were analyzed using Student’s t-test (*p < 0.05, **p < 0.01).

Pathological Changes in Scgb3a2-KO Lungs with Aging

Scgb3a2-KO mouse lungs were examined for pathological changes associated with aging other than alveolar structure
destruction. Mild lymphocyte aggregation was observed in more than half of WT mice after 1 year of age (Figure 4A 1 2-
year-old of WT lung, Supplemental Table S2), whereas in KO mice, several marked lymphocyte aggregation was

observed in most lungs after 1.5 years of age (Figure 4A ii—iv; 2-year-old of KO lung, Supplemental Table S2). In

addition, atypical lymphocytes and/or lymphoma-like cells were observed in some older KO mouse lungs (Figure 4A iv).
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Figure 4 Pathological changes in the lungs and spleens of mice with aging. (A) Representative hematoxylin and eosin (HE)-stained images of aged wild-type (WT) and
Secretoglobin (Scgb) 3a2-knockout (KO) mouse lungs. (i) Two-year-old WT mouse lungs exhibiting mild lymphocyte aggregation. (ii) Marked lymphocyte aggregation detected
in 2-year-old KO mouse lungs. (iii) Atypical lymphocytes observed in 2-y-old KO mouse lung. Scale bars: 200 pm. (iv) Enlarged photo near the asterisk in c. Scale bar: 20 ym.
(B) Macroscopic observations and diameters of spleens measured in senescent WT and Scgb3a2-KO mice. Representative spleens are presented. Scale bars: 5 mm. (C)
Representative histological observations of spleen tissues from WT (i, iii, v, vii, X, and xiii) and Scgb3a2-KO mice (ii, iv, vi, viii, i, and xiv) at various ages. In the spleen of 2-
year-old KO mice, remarkable fusion of white pulp (xi) and a highly malignant image (ix: inset, X 1000) were observed. Asterisk (¥): white pulp fusion; arrowheads: fiber
formation; ix: enlargement of arrowheads in viii; xii: enlargement of * in xi; xiii: extramedullary hematopoiesis (erythroid element, megakaryocytes, and myeloid cells) in the
splenic red pulp; xiv: erythropoiesis in red pulp. Scale bars: 200 pym (i-viii, x, and xi), 50 um (xiii, xiv), and 10 um (ix, xii).

Alveolar hyperplasia, lymphoma, and lymphoma-like lesion were also observed in KO mouse lungs after 1 year of age
(Supplemental Table S2).
Although C57BL/6 mice are known to be prone to develop lymphoma with aging,*® the degree of inflammation in the

lungs tended to be more severe in KO mice (Figure 4A ii—iv, Supplemental Table S2). There were cases of macrophage
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pneumonia in a 1.5-year-old WT mouse (Supplemental Figure S3Ai and iii) and a 2-year-old KO mouse (Supplemental

Figure S3Aii and iv). Considering the number of cases, it is unlikely that macrophage pneumonia was caused by
SCGB3A2 deficiency. However, because Yml is a marker for type II macrophages,”® the effect of SCGB3A2 on
macrophage polarity was examined by determining macrophage marker gene expression in macrophage cell lines with
and without SCGB3A2 by qRT-PCR (Supplementary Figure S3Bi—iv). The mRNA expression of TNF-a (marker for type
I macrophages) and IL-10 (marker for type II macrophages) was significantly decreased and increased, respectively, in

Raw264 mouse macrophages and MH-S alveolar macrophages in the presence of SCGB3A2. Although the relationship
between the presence of SCGB3A2 and macrophages in the lungs of aging mice is unknown, it was suggested that
SCGB3A2 changes the polarity of macrophages from type I to type II.

Tissue Histopathology of the SCGB3A2-Deficient Mouse Spleen During Aging

It was possible that the high level of lymphocyte aggregation observed in the lungs of Scgb3a2-KO mice may represent
lymphoma. Therefore, the spleen, the site of lymphocyte maturation, was examined. Splenic gross observation and the
long diameter measurement were carried out from 8 weeks through 2 years of age in WT and Scgb3a2-KO mice
(Figure 4B and Table 1). The spleen sizes increased with aging, but no differences were detected between WT and KO
mice at any ages, except 1.5 years old where the KO spleen size was statistically significantly smaller than WT mice
(Figure 4B and Table 1). In the WT mouse spleens, few morphological abnormalities were observed from 8 weeks to 1
year of age (Figure 4C i iii, and v), while white pulp fusion became clearly visible at 1.5 and 2 years old (Figure 4C vii
and x, Supplementary Table S3). In particular, areas of prominent extramedullary hematopoiesis in splenic red pulp was

observed in the spleens of 2-year-old WT mice (Figure 4C xiii, Supplemental Table S3) as well as KO mice (data not

shown). Similarly, few morphological abnormalities were observed in the spleens of KO mice from 8 weeks to 0.5 years
of age (Figure 4C ii and iv), and the white pulp fusion was found at 1 year of age (Figure 4C vi). The fusion became
remarkable at 1.5 and 2 years of age (Figure 4C viii and xi), which coincided with the lymphocyte aggregation in the
lungs (Figure 4A ii and iii, Supplemental Table S2). In the spleens of KO mice, fibrosis around the white pulp became

noticeable at 1.5 years of age (Figure 4C viii and ix), and erythropoiesis was also observed, becoming remarkable at 2
years of age (Figure 4C xiv). At 2 years of age, the presence of atypical lymphocytes in the white pulp was confirmed
(Figure 4C xii).

Expression of Lung-Specific Genes During Aging Process

To understand the possible underlying mechanism for the development of destructive alveoli and inflammation in the
lungs of Scgb3a2-KO mice during aging, the mRNA levels of Scgblal, SP-A (Sftpa), SP-B (Sfipb), SP-C (Sfipc), and
SP-D (Sftpd) were examined by qRT-PCR (Figure 5A i—vi). Scgh3a2 mRNA expression in the lungs of WT mice did not
change during aging. Similarly, the mRNA expression of Scgblal and Sfips in WT lungs remained at similar levels
during aging. In KO mouse lungs, Scgblal and Sftpa mRNA levels were unchanged during aging. However, Sfipb and
Sfind mRNA levels were significantly decreased between 1 and 1.5 years of age compared with those at 8 weeks, and
Sfirc mRNA levels significantly decreased between 0.5 and 1 year of age. The levels of these mRNAs in KO lungs were
generally lower than those in WT lungs, particularly when they age. Scgblal mRNA levels were significantly lower in
KO mice than in WT mice at 2 years of age. Sfipa mRNA levels were significantly lower in KO lungs at 8 weeks, 1 year,
and 1.5 years of age, whereas those of Sfipb were significantly lower from 0.5 through 2 years of age. Sfipc and Sctpd
mRNA levels were both significantly lower in KO lungs than WT at 1 and 1.5 years of age. In addition, the protein
expression of SPs in bronchial epithelial cells at each age was examined by fluorescence immunostaining. The results
demonstrated that the fluorescence signal of each SP in the lungs of KO mice clearly decreased with age (Supplemental

Figure S4Ai—x-Di—x), similar to the results of qRT-PCR. The expression of the alpha-l-antitrypsin (A1AT) gene,
31,32

Serpinala, the deficiency of which is known to cause pulmonary emphysema, was also examined by qRT-PCR.
The results illustrated that Serpinala mRNA was detected in 8-week-old WT mouse lungs, but almost undetectable in 8-

week-old KO mouse lungs, suggesting that SCGB3A2 may affect Serpinala expression (Supplemental Figure S5). To

further investigate the fundamental gene expression differences between WT and KO mice, RNAseq of lungs from 3-
month-old mice was performed (Figure 5B). At this age, there were no differences in the expression of the
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Table | Longer Axis (mm) in the Spleen of the WT and Scgb3a2-KO Mice

Age 8w 05y ly 1.5y 2y
Genotype
WT 13.35£0.71 (4) 13.86£0.79 (3) 14.27£0.37 (9) 15.47£0.27 (5)* 16.77£0.75 (6)*
KO 13.66+0.23 (8) 13.41£0.33 (4) 14.06£0.62 (4)* 13.64£0.68 (3)* 16.57£1.34 (4)*

Notes: Numbers in parenthesis show the number of samples. Tukey-Kramer post hoc test and Student’s t-test were respectively carried out to determine a significance
among different ages of same genotype mice (WT or KO), and between the two groups (WT vs KO) of same age. The significant difference were * p<0.05 for 1.5 and 2 yrs of
WT, or | or 2 yrs of KO vs each corresponding remaining age groups * p<0.05 between WT vs KO at |.5 y of age. WT: wild-type, KO: Secretoglobin (Scgb) 3a2-knockout, 8
w: 8 weeks old, 0.5 y to 2y: 0.5 years old to 2 years old.

aforementioned genes excluding Scgh3a2 between WT and KO lungs (Supplemental Figure S6). Gene Ontology (GO)

analysis revealed significant changes in adaptive immune response (GO: 0002250) and immunoglobulin production (GO:
0002377), followed by antimicrobial humoral response (GO: 0019730), mononuclear cell differentiation (GO: 1903131),
regulation of immune effector processes (GO: 0002697), and primary immunodeficiency (ko05340) in the lungs of KO
mice compared with the findings in WT mice (Figure 5B). The heatmap demonstrated that the altered expression of genes
was mainly related to the immune system in KO mouse lungs as compared with WT mouse lungs (Supplemental
Figure S6). These results revealed that KO mouse lungs possess an inherently altered immune system.

Discussion

SCGB3A2 is a low-molecular-weight bioactive cytokine-like molecule that could be considered as an SP. SCGB3A2
promotes lung bronchial branching during embryogenesis,® exerts anti-inflammatory effects,® and improves pulmonary
fibrosis,>’ thus playing an important role in the development, function, and homeostasis of the lungs. However, much
remains unknown concerning whether SCGB3A2 participates in postnatal lung maturation and the development of aging-
associated diseases. This study aimed to clarify the roles of SCGB3A2 in these processes.

Early-stage neonatal alveolar development is attributed to alveolar dilation and fragmentation.”® The histological
analysis of WT and Scgb3a2-KO mouse lungs revealed a similar alveolar subdivision in both WT and KO mouse lungs
during maturation from day 0 to 8 weeks. Because exogenous SCGB3A2 promoted bronchial branching and lung
maturation,® we expected that Scgb3a2 deficiency would result in abnormal lung development. However, Scgb3a2-KO
mice were healthy and fertile for at least 1 year, as previously reported,”’ and in this study, a majority of them survived
for approximately 2 years, similarly to WT mice. No significant changes in lung histogenesis were observed in Scgb3a2-
KO mice, although a small but statistically significant decrease in ciliated cell counts in the large airways of KO lungs
has been reported.>* The reason why Scgh3a2-KO mouse lungs were normal is unclear. Embryonic lung development
may be slightly delayed in the absence of SCGB3A2, but these changes had normalized by day 0, the earliest time of
analysis in Scgb3a2-KO mice. Further, because SCGB3A2 is one of many NKX2-1 downstream targets involved in lung
development and homeostasis, other gene products may compensate for the lack of SCGB3A2-mediated growth
promotion.*!

Elastin staining illustrated that elastin expression increased in the lungs of both WT and Scgb3a2-KO mice from day
0 to 8 weeks of age. This increase was associated with the development of alveoli. Based on image analysis, the elastin
signal was slightly stronger in KO mouse lungs than in WT mouse lungs at most of ages. This could simply reflect
technical problems associated with tissue staining and quantification. Destroyed alveoli with damaged elastin fibers tend
to stain stronger at the edge, which occurred more frequently in KO mouse lungs than in WT mouse lungs. Alternatively,
SCGB3A2 might be involved in the regulation of elastin expression by a currently unknown mechanism. When Lm and
DI were measured, no significant changes were observed in the alveolar structures of WT mice from the ages of 8 weeks
to 2 years, except that Lm was significantly increased in 2-year-old mouse lungs, indicating aging of the lungs.*
Contrarily, Scgb3a2-KO mice displayed alveolar space dilation and alveolar wall destruction, which are signs of
pulmonary emphysema, after 1 year of age, and these changes significantly worsened at 1.5 and 2 years old. These
results suggest that the absence of SCGB3A2 promotes emphysematous lung development.
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Figure 5 Gene expression in lung tissues from WT and Scgb3a2-KO mice during aging. (A) Surfactant protein (SP) gene expression in lung tissues from wild-type (WT) and
Secretoglobin (Scgb) 3a2-knockout (KO) mice during aging. mRNA levels coding for Secretoglobin (SCGB) 3A2, SCGBIAI, SP-A, SP-B, SP-C, and SP-D [Scgb3a2 (i), Scgblal
(i), Sftpa (iii), Sftpb (iv), Sftpc (v), and Sftpd (vi), respectively] in the lungs of WT and Scgb3a2-KO mice were examined by quantitative reverse transcriptase-polymerase chain
reaction (QRT-PCR) from 8 weeks (8 w) to 2 years of age (2 y). The expression of each mRNA was compared with that at 8 w in WT mice, which was set as |. Filled column:
WT; open column: KO; N = 4-8. Specifically, the number of mice analyzed were as follows: WT [8 w: 4 males (m), 4 females (f); 0.5y: 2m, 4f; ly: 3m, 5f; 1.5y: 8f; 2y: 4m, 3f]
and KO (8w: 3m, 4f; 0.5y: 3m, 5f; ly: 3m, 5f; 1.5y: 8m; 2y: 2m, 5f). Because the mRNA expression levels did not apparently differ between male and female mice, the results
were combined. Data are presented as the mean * standard deviation (SD). Statistical differences between ages in the same strain were analyzed by one-way analysis of
variance (ANOVA), followed by the Tukey—Kramer post hoc test (*p < 0.05). Differences between different strains at the same age were analyzed using Student’s t-test (¥p <
0.05). (B) RNA sequencing (RNAseq) of 3-month-old WTand KO lungs. Gene ontology (GO) analysis was performed after RNAseq of these lungs to investigate differences
in the gene expression pattern between WTand KO mouse lungs. Compared with WT mice, the expression of genes mainly related to the immune system was increased in
the lungs of KO mice.
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The pathological analysis of aging mouse lung tissues revealed the aggregation of lymphocytes both in WT and KO
mice starting at the age of 1 year of age. Specifically, a small number of lymphocytes were noted in some WT mouse
lungs, whereas a significant number of aggregated lymphocytes were found in most KO mouse lungs. C57BL/6 mice
tend to develop lymphoma as they age.’® The observation of splenic tissues revealed abnormal findings, such as the
greater frequencies of the fusion of white pulp and some highly malignant lymphocytes, which were found more in KO
mice than in WT mice, consistent with the previous report on aged C57BL/6 mice.’® Related to this, it is important to
note that SCGB3A2 is not normally expressed in the spleen.' Lymphocytes and macrophages mature in the spleen and
migrate throughout the body, including the lungs.*” Therefore, it seems that numerous lymphocyte aggregation sites in
the lungs of aging KO mice may have been caused by splenic abnormalities. In fact, the white pulp fusion and highly
malignant lymphocytes were observed in the spleens of KO mice with severe inflammation in the lungs. SCGB1A1 was
reported to counteract neutrophil chemotaxis in airway epithelium;'? however, there are no reports on the effect of
SCGB1A1 or any other SCGB proteins including SCGB3A2 on macrophage migration. Assuming that SCGB3A2
inhibits macrophage migration similarly as SCGB1A1 inhibits neutrophil migration, macrophages mobilized in KO lungs
might be affected by the spleen. Previous studies demonstrated that SCGB3A2 may affect immune cells, including
macrophages.” Syndecan-1, a SCGB3A2 receptor, is present on the surface of macrophages, and pyroptosis is induced by
SCGB3A2 in macrophages.’ Furthermore, SCGB3A2 shifts the polarity of the macrophage toward type II, and
SCGB3A2 can be detected in blood as well as bronchoalveolar lavage fluid (BALF) (Supplemental Figure S7A and
B). These results suggest that SCGB3A2 secreted into blood and the lung space can enhance the immune response by

interacting with macrophages present in the blood as well as tissue-specific macrophages. Macrophages may aggregate in
the chronically inflamed aging emphysematous lungs of KO mice, as observed in macrophage pneumonia. In addition,
increased splenic monopoiesis has been reported to respond to signals from the microenvironment.*® Therefore,
abnormally aggregated macrophages might send a signal to the spleen that interferes with its normal function.

The results of qRT-PCR demonstrated that the loss of SCGB3A2 generally resulted in the decreased expression of SP
genes (Sfipa, Sfipb, Sfipc, and Sfipd) in aged lungs. SPs are known to participate in the homeostatic maintenance and
immunity of lungs. It was reported that SP-D—deficient mice develop progressive emphysema with the age-related loss of
parenchymal tissue, subpleural fibrosis, and aggregation of abnormal elastin fibers.*® SP-B—deficient mice develop
respiratory failure at birth, which has been revealed to be associated with decreased lung compliance.>* Further, SPs
interact with each other to regulate the expression of other SPs. For example, SP-B post-translationally modifies SP-C
expression levels.*” SP-A is known to regulate the transcription of other Sfip genes including Sfipb and Sfipc.*' SP-A and
SP-B directly interact,** and they are believed to participate in homeostasis during aging and in the immune function in
the lungs.*® Further, SP-C regulates the stability of pulmonary surfactant in the lungs,** and reduces inflammation.*>*®
These findings suggest that SCGB3A2 deficiency accompanied by age-related decreases of SP levels increases the risk of
emphysema in aging mice. The RNAseq results support the notion that KO mouse lungs have more severe inflammation
than WT mouse lungs because of the altered expression of immune system-related genes, as schematically depicted in
Supplemental Figure S8.

Conclusion

This study found that SCGB3A2 deficiency has no significant effects on postnatal lung development/maturation from
birth to 8 weeks of age. However, SCGB3A2 may prevent the aging-related destruction of alveoli and therefore the
development of emphysematous lung lesions. SCGB3A2 also controls the onset of inflammation of the lungs with the
aggregation of lymphocytes accompanied by aging. Thus, SCGB3A2 may be required for the maintenance of home-
ostasis and immune function in the lungs, which decline with aging. This study also suggested that SCGB3A2
participates in the regulation of Sfip expression in older mice.
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