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SUMMARY

Inflammatory responses are known to facilitate tissue recovery following injury. However, the precise mechanisms that enhance lung
alveolar regeneration remain unclear. Here, using an organoid-based screening assay, we find that interleukin-1 (IL-1) and tumor necrosis
factor o. (TNFa) enhance the proliferation of AEC2s while maintaining their differentiation capacity. Furthermore, we find that expression
of IL-1B and TNFa are induced in the AEC2 niche following influenza-induced injury in vivo, and lineage tracing analysis revealed that
surviving AEC2s around the damaged area contribute to alveolar regeneration. Through genetic and pharmacological modulation of mul-
tiple components of the IL-1-nuclear factor kB (NF-kB) signaling axis, we show that cell-intrinsic as well as stromal mediated IL-1
signaling are essential for AEC2 mediated lung regeneration. Taken together, we propose that the IL-1/TNFa-NF-«B signaling axis func-
tions as a component of an inflammation-associated niche to regulate proliferation of surviving AEC2s and promote lung regeneration.

INTRODUCTION

Rapid and efficient repair is essential after injury to restore
organ function. In the alveolar region of the adult lung
multiple stem/progenitor cells, including SFTPC" type 2
alveolar epithelial cells (AEC2s), AXIN2* SFTPC™ alveolar
progenitor cells, and putative bronchioalveolar stem cells
contribute to regeneration (Barkauskas et al., 2013; Desai
et al., 2014; Kim et al., 2005; Zacharias et al., 2018). Some
injuries, for example influenza virus infection or exposure
to bleomycin, may mobilize a population of KRT5" TRP63*
cells derived from airways to damaged regions (Kanegai
et al., 2016; Kumar et al., 2011; Vaughan et al., 2015; Zuo
etal., 2015). Moreover, recent studies have identified a crit-
ical role for a subset of immune cells, identified as CCR2*
monocytes and M2-like macrophages, in pneumonec-
tomy-induced compensatory lung regrowth (Lechner
etal., 2017). In many of the alveolar injury models studied,
it has been shown that the critical cellular interactions
required for repair involve conserved intercellular signaling
pathways such as WNT, BMP, FGF, and SHH (Chung et al.,
2018; Nabhan etal., 2018; Penget al., 2015; Zacharias et al.,
2018). However, it is unclear whether inflammatory cyto-
kines can directly act on AEC2s to promote repair.

Here, we utilize an easily tractable alveolar organoid-
based culture platform (Barkauskas et al., 2013) to screen
cytokines that are upregulated after influenza virus infec-
tion and test their effect on AEC2 behavior. Further charac-
terization of candidates in ex vivo organoid cultures and
in vivo genetic models leads to the conclusion that the
IL-1/TNFa-nuclear factor kB (NF-«kB) signaling axis plays a
critical role in alveolar regeneration by enhancing repair
mediated by surviving AEC2s.

RESULTS

Organoid-Based Screening Reveals IL-1 and TNFa as
Potent Inducers of AEC2 Proliferation

We treated organoid cultures with 11 different cytokines
known to be transiently upregulated after influenza virus
infection (Guo and Thomas, 2017; Pociask et al., 2013;
Shoemaker et al.,, 2015; Watanabe et al.,, 2013). After
15 days, type I interferon (o and B) was the only cytokine
that gave a dramatic change in colony-forming efficiency
(CFE) (Figure 1A). However, other cytokines appeared
to promote larger organoids than controls. Indeed, classifi-
cation of organoids based on their perimeters as small
(150-450 um), medium (450-1,500 pm), and large
(>1,500 pm) (Figures S1A and S1B) revealed a significant in-
crease in larger organoids in response to IL-1a/B, TNFa, and
IL-17A/F (Figure 1B). Since IL-1a/B and TNFa gave the
biggest effect we focused on them for this study. The effect
of both cytokines was dose dependent, with a maximum at
10 ng/mL (Figure S1C). To distinguish between an increase
in cell number versus size due to hypertrophy, we per-
formed flow-cytometric (fluorescence-activated cell sorting
[FACS]) analysis of cells isolated from organoids and found
a 7-fold increase in TOMATO" cells with IL-1B and TNFa
(Figure 1C). Analysis for Ki67, a marker for proliferating
cells, corroborated our FACS data (Figure 1D). Taken
together, these results indicate that IL-18 and TNFa can
enhance the proliferation of AEC2.

IL-1B- and TNFa-Treated AEC2s Maintain Their Ability
to Differentiate

To test whether AEC2s treated with IL-18 and TNFa
maintain their phenotype and ability to differentiate
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Figure 1. IL-1a/B and TNFo Enhance Growth of AEC2s in Organoid Culture

(A-D) The CFE (A) and size (B) of organoids treated with indicated cytokines was quantified at day 15. Organoids at day 10 were analyzed
for fold increase of TOMATO™ cells after FACS (C) and cell proliferation as judged by Ki67 staining (D).

(E) Representative differential interference contrast (DIC) and fluorescence microscopy images of organoids at day 10 (top) and day 15
(bottom).

(Fand G) Representative immunofluorescence images of sections stained for RAGE and SFTPC (top) or HOPX and T1a cells (bottom) at day
10 (F) and day 15 (G). Insets show higher-magnification images of RAGE* and SFTPC" cells. Although organoids treated with IL-1f or TNFo
are larger than controls, the results are consistent regardless of organoid size. Scale bars, 50 um.

All bar graphs show mean + SEM of three independent experiments. *p < 0.05; n.s, not significant.
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into AECls, we examined organoids for expression of
markers of AEC2s (SFTPC) and AEC1s (RAGE [AGER], T1a
[PODOPLANIN], and HOPX). After 10 days, control orga-
noids mostly consist of a monolayer of AEC2s and AEC1s
(Figures 1E and 1F) but by day 15 they were organized
into a multilayered epithelium, with AEC1s preferentially
localized within the interior, as described previously (Fig-
ures 1E and 1G) (Barkauskas et al., 2013). Significantly,
treated organoids do not differ from controls in their
cellular composition despite their increase in size, suggest-
ing that IL-1B or TNFa enhance AEC2 proliferation while
maintaining their ability to differentiate.

Influenza Injury Induces IL-1B, TNFa, and Target Gene
Expression in the AEC2 Niche

To study the in vivo relevance of the organoid studies, we
examined the spatial expression of IL-1B and TNFe in influ-
enza virus-infected mouse lungs. Section in situ hybridiza-
tion showed a few cells expressing transcripts in uninfected
lungs (Figure S2A). However, at 7 days post infection (7
dpi), I11b and Tnfa transcripts were clearly elevated, both
in the damaged areas where there were few SFTPC*
AEC2s and immediately outside (Figure 2A). To examine
whether surviving AEC2s are responding to IL-1B and
TNFa, we performed in situ hybridization for Neurl3, a
downstream target gene (Figures 2B, 2C, and 4B). This re-
vealed expression of Neurl3 in AEC2s close to the damaged
areas, with the levels falling off further away, as expected if
the cells are responding directly to the inflammatory cyto-
kines (Figure S2B).

Surviving AEC2s Proliferate and Contribute to
Alveolar Regeneration after Influenza Injury

Previous molecular studies on alveolar repair after influ-
enza virus infection have focused on the KRT5" cells that
mobilize to damaged alveoli and have paid less attention
to the behavior of surviving AEC2s in relation to paren-
chymal damage. In damaged areas, extensive proliferation
of infiltrating CD45™ cells is observed at 10 dpi (Figure 3A).
Significantly, at this time many of the SFTPC" AEC2s
immediately outside these regions are also proliferating,
particularly within 200 pm of the lesions (Figures 3A, 3B,
and 3D). To follow the temporal and spatial dynamics of
the proliferation and differentiation of AEC2s near
damaged area, we performed lineage tracing using Sftpc-
CreER™ and Rosa26-tdTomato (Figure 3E). At 10 dpi we
found many lineage-labeled AEC2s near damaged areas
that were labeled by S5-ethynyl-2’-deoxyuridine (EdU),
and by 15 dpi these cells appeared in clusters, indicating
active clonal expansion. By 20 dpi proliferation had
largely declined around damaged areas but was now seen
toward the periphery of the lung (Figure S3A). At 20 dpi,
many lineage-labeled cells express RAGE, an AEC1 marker,

and have morphologies indistinguishable from AEC1s
(Figure 3F). To determine the relationship between the
proliferation and differentiation of lineage-labeled AEC2s
and KRTS5™ epithelial “pods,” we localized the two popula-
tions in adjacent sections at different times after infection
(Figure S3). Significantly, the lineage-labeled AEC2s were
never contiguous with KRT5" clusters, which were always
confined to areas of maximal damage, defined by the
absence of AEC2s.

IL-1 Signaling Is Essential for AEC2 Replication in the
Lung after Influenza Injury
Previous studies have implicated IL-1p and TNFa in lung
development (Lappalainen et al., 2005; Stouch et al.,
2016) but little is known about their role in lung regenera-
tion. We therefore used a genetic approach to investigate
the function of these cytokines after influenza virus infec-
tion. We found a drastic decrease in the number of prolifer-
ating AEC2s around damaged areas in mice lacking IL-1 re-
ceptor (which binds both IL-1¢ and IL-1p) versus wild-type
controls even though the extent of viral damage appeared
to be the same as in wild-type at 10 dpi (Figures 3C and 3D).
While this result is consistent with a positive effect of IL-18
on AEC2 proliferation, we cannot rule out that the recruit-
ment of T cells and neutrophils is also impaired (Schmitz
et al., 2005) leading to a reduction in the level of cytokine
production and an indirect effect on AEC2 proliferation. To
investigate a direct role of IL-1 signaling, we used sorted
AEC2s (EPCAM* Lysotracker*) (Van der Velden et al.,
2013) and platelet-derived growth factor receptor o-posi-
tive (PDGFRa*) stromal cells that were either wild-type or
null mutant for IL-1 receptor and performed organoid as-
says. As shown in Figures 3G and 3H, after 15 days organo-
ids derived from AEC2s lacking IL-1 receptor are signifi-
cantly smaller than organoids in which both cell
populations are wild-type (Figures 3G and 3H). Deleting
the receptors from stromal cells also reduced organoid
size, but to a lesser extent. Organoids derived from both
mutant AEC2s and stromal cells are the smallest. Together,
we conclude that IL-1 signaling is critical in alveolar epithe-
lial repair and has a direct effect on AEC2 proliferation.
Our previous data showed that TNFa also enhances AEC2
proliferation. We therefore established organoid cultures
with cells from TNFa receptor null mutant mice (Figures
S4A and $4B), and found a significant decrease in organoid
size in cultures derived from EPCAM™" Lysotracker* AEC2s
lacking TNFa receptor. Deleting the receptors from stromal
cells also reduced organoid size, but to lesser extent. Orga-
noids were smallest when both AEC2s and stromal cells
were derived from TNFa receptor null mutant mice. These
data indicate that TNFa enhances AEC2 proliferation by
AEC2-intrinsic mechanisms, as well as through stromal
cell-mediated effects. However, there was no reduction in
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Figure 2. IL-1B and TNFa Are Expressed in Damaged Area after Influenza Virus Infection and AEC2s Express Target Gene

(A) Il1b (top panels) and Tnfa (bottom panels) transcripts (green) were detected by PLISH in lungs 7 days after influenza virus infection.
(B) Neurl3 transcripts (green) were detected by PLISH in lungs 7 days after infection. H&E staining shows whole structure of the region.
AEC2s (red) were visualized by SFTPC staining. Yellow dashed lines indicate the edge of the damaged area.

(C) High-magnification images of the inset in (B) Arrowheads indicate SFTPC* AEC2s expressing Neurl3 transcripts.

In all experiments, n = 3 animals/group. Scale bars, 50 pum.
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Figure 3. IL-1 Signaling Is Important for Alveolar Regeneration Mediated by Surviving AEC2s

(A-C) Influenza virus-infected lungs at 10 dpi stained for CD45 (green), SFTPC (red), and EdU (white) (A). Yellow dashed lines show
damaged area lacking SFTPC* cells. Inset (1) shows that some CD45* immune cells in the damaged area are replicating; inset (2) shows
proliferating AEC2s (EdU* SFTPC™) around damaged area. Representative images of SFTPC (red) and EdU (white) staining in virus-infected
lungs of wild-type (B) and Il1r1 KO mice (C) at 10 dpi. Green indicates EdU™ SFTPC" proliferating AEC2s visualized by Fiji software. Yellow
dashed lines show damaged areas lacking SFTPC* cells. To estimate the overall degree of damage, we estimated the area in which AEC2s are

(legend continued on next page)
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AEC2 proliferation in TNFa receptor knockout (KO) mice at
10 dpi in influenza virus-infected lungs (Figures S4C and
S$4D). It is therefore likely that other mechanisms can
compensate for the absence of TNFa receptor in vivo.

RNA-Seq Analysis Reveals that IL-1 and TNFa
Treatment Activates NF-kB Pathway in AEC2s

To examine the downstream mechanisms that enhance
AEC2 proliferation after IL-18 and TNFa treatments, we
performed RNA sequencing (RNA-seq) analysis of AEC2s
isolated from organoids 6 h after exposure to either cyto-
kine (Figure 4A). We identified 165 differentially expressed
genes that were common in both IL-1B- and TNFa-treated
AEC2s compared with saline-treated controls (Figure 4B
and Table S2). Pathway and gene ontology (GO) analysis re-
vealed enrichment for many genes related to NF-«B
signaling, immune responses, and cytokine signaling (Fig-
ures 4C and 4D). Some of the prominent genes include
Neurl3 and Tnfa, two known target genes of NF-«B
signaling. We also found a significant upregulation of NF-
kB1, NF-kB2, and RELB, key effector transcription factors
involved in the NF-xB pathway. These data implicate a
role for the IL-1-TNFa/NF-kB signaling axis in AEC2
replication.

Genetic and Pharmacologic Modulation Reveals an
Essential Role for the IL-1/NF-kB Signaling Axis in
AEC2 Proliferation

To assess the role of NF-«B signaling in AEC2s replication,
we genetically or pharmacologically disrupted several
downstream components. In the IL-1 signaling pathway,
MYDS8S8 is an essential adaptor protein for activation of
the NF-«xB pathway (Figure 4E). Organoids generated from
EPCAM" epithelial cells and PDGFRa" stromal cells lacking
Myd88 are significantly smaller than controls (Figure 4F). In
addition, the frequency of EdU* proliferating AEC2s was
dramatically decreased in the lungs of Myd88 KO mice after
influenza virus infection (Figure 4G), indicating that
MYDS88 is critical for AEC2-mediated alveolar regeneration.
In addition, IRAK4 is a major kinase in the IL-1 signaling
pathway (Figure 4E). When we disrupted IRAK4 by

AS2444697 in culture, the enhanced organoid growth
seen with IL-1B was inhibited (Figure 4H). Taken together,
these results demonstrate that the NF-xB pathway is impor-
tant for enhanced AEC2 proliferation after IL-1p and TNFa
stimulation.

DISCUSSION

In this study, we have established several new findings in
relation to lung repair by endogenous stem cells after
injury, specifically after influenza virus infection. First, we
provide evidence from organoid assays that several cyto-
kines, including IL-1 and TNFe, can robustly promote the
proliferation of AEC2s. We further exploit the organoid as-
says by combining mutant epithelial and stromal cells, and
specific inhibitors, to show that the effect of the cytokines
is, at least in part, through direct action on AEC2s via sur-
face receptors and the NF-«B signaling pathway. A second
important finding relates to the source of the epithelial
cells that repair the alveolar region after influenza infec-
tion. As previously reported by others, we found that
KRTS5* epithelial “pods” slowly appear in areas of maximal
alveolar damage (Figure S3A). However, evidence now sug-
gests that these TRP63" KRT5™ epithelial cells generated in
response to infection are likely very inefficient at differen-
tiating into alveolar cells in vivo (Kanegai et al., 2016;
Vaughan et al., 2015). By contrast, our lineage-tracing
studies clearly show that in the areas around maximal dam-
age surviving AEC2s, that are not contiguous with the
KRT5" pods, robustly proliferate at 10 dpi, and differentiate
into AEC1s. These findings, together with in situ hybridiza-
tion studies on tissue sections, suggest a model (Figure 4I)
in which inflammatory responses promote repair through
the production within and around the damaged areas of cy-
tokines such as IL-1 and TNFa that locally promote the
expansion of surviving endogenous alveolar stem cells.
Final confirmation of this model will require the deletion
of genes encoding these receptors or NF-xB pathway
components specifically in AEC2s and the generation of
mice lacking multiple cytokines in the lung. Intriguingly,

absent in 5-7 individual sections from three different wild-type or Il1r1 KO mice at 10 dpi. There was no significant difference in the
values, suggesting there was no difference in viral infectivity between two genotypes (data not shown). Scale bars, 1 mm.

(D) Quantification of proliferating SFTPC* cells in influenza virus-infected lungs of wild-type (gray) and Il1r1 KO mice (red). EdU*™ SFTPC*
cells were counted and the numbers were divided by the corresponding areas shown on the x axis.

(E) Schematic diagram of lineage-tracing analysis of SFTPC* cells.

(F) Representative images of lineage-tracing analysis 10 (left), 15 (middle), and 20 days (right) after influenza virus infection. Lineage-
labeled cells (red) were visualized by using RFP antibody and AEC1s (white) were stained by RAGE antibody. Cell proliferation was assessed
by EdU (cyan) detection. Arrowheads indicate EdU™ TOMATO" proliferating lineage-labeled cells. Scale bars, 50 pum.

(G) Representative images of organoids derived from IL-1 receptor KO cells with IL-1B at day15.

(H) Quantification of organoid size in each combination. These experiments were performed independently three times.

For all experiments, n = 3 animals/group. *p < 0.05.
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Figure 4. NF-kB Pathway Is Involved in the Enhanced Proliferation of AEC2s after IL-1 or TNFo Stimulation

(A) Schematic of sample preparation for RNA-seq experiment.

(B) Heatmap of 165 genes whose expression was significantly different in IL-1B- or TNFa-treated AEC2s compared with controls.
(Cand D) Top 10 pathway (C) and GO terms (D) enriched in the 165 differentially expressed genes shown in (B).

(E) Schematic diagram of IL-1 downstream signaling. Myd88 KO cells and IRAK4 inhibitor AS2444697 were used to disrupt the pathway.
(F) Representative images of organoids using Myd88 KO cells at day 15.

(G) Representative images for sections of lungs from wild-type (right panel) and Myd88 KO mice (left panel) at 10 dpi. White arrowheads
indicate EdU" proliferating AEC2s. Scale bar, 50 um.

(H) Representative images of organoids treated with 0.1 ng/mL IL-1p or 10 uM IRAK4 inhibitor AS2444697 together with 0.1 ng/mL of
IL-1B. All experiments were independently performed three times.

(I) Schematic model for the role of IL-1 and TNFe in inflammation-associated alveolar stem cell niche. We suggest that inflammatory
cytokines IL-1 and TNFa released from inflamed area serve as a facultative “inflammation-associated niche,” resulting in the enhanced
proliferation of AEC2s. Once AEC2s replicate, these cells give rise to AEC1s and contribute to lung repair.
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AEC2s distant from damaged areas eventually proliferate
and give rise to AEC1s at 25 dpi (Figures S3A and S3B).
This raises the possibility that there are two parts to the
overall response of the lung to damage by influenza virus.
A more local response occurs around the damaged areas,
which is regulated directly by inflammatory cytokines
such as IL-1 and TNFa, and another component occurs
distant from damaged areas that is analogous to the
compensatory regrowth observed in uninfected lungs after
reduction in the gas exchange capacity by left lobe pneu-
monectomy (Ding et al., 2011; Lechner et al., 2017; Liu
et al., 2016).

It has been reported that IL-1 and TNFa signaling are
involved in regeneration processes after tissue disruption
caused by various injuries in other tissues (Kulkarni et al.,
2017; Naiketal., 2017; Wangetal., 2017). Here we have un-
covered a new mechanism of alveolar stem cell prolifera-
tion controlled by an inflammation-associated niche in
which IL-1 and TNFa are involved. We believe that this is
a key finding that connects inflammatory responses and
tissue repair in lung.

EXPERIMENTAL PROCEDURES

Organoid Culture

Organoid culture was as described by Barkauskas et al. (2013) with
modifications. In brief, FACS-sorted cells were resuspended in Basic
medium (Chen et al., 2012) containing 10% fetal bovine serum
(FBS) and insulin-transferrin-selenium and mixed with equal
amount of growth factor-reduced Matrigel (BD Biosciences
#356230). Basic medium/Matrigel (100 pL) containing 2-5 x 10°
AEC2s (SFTPC-tdTomato or EPCAM* Lysotracker® cells) and
5 x 10* stromal cells was seeded in 24-well 0.4-um Transwell in-
serts (Falcon). Medium was changed every other day. ROCK inhib-
itor (10 uM, Y-27632; Sigma-Aldrich) was added for the first 48 h,
and transforming growth factor-p inhibitor (10 pM, SB431542;
Abcam) was added for 7 days. Mouse recombinant proteins were
used at 10 ng/mL except where stated: IFN-« (5 ng/mL; BioLegend),
IFN-B1 (5 ng/mL; BioLegend), TNF-a (BioLegend), IL-la (Bio-
Legend), IL-1B (BioLegend), IL-6 (R&D Systems), IL-15 (Bio-
Legend), IL-17A (5 ng/mL; R&D Systems), IL-17F (5 ng/mL; R&D
Systems), IL-18 (Medical & Biological Laboratories), IL-22 (R&D
systems), IL-23 (R&D Systems), and IL-33 (R&D Systems). IRAK4
inhibitor (10 uM, AS2444697) was from Tocris Bioscience. Organo-
ids >150 pm in perimeter were counted on day 15 post culture.

Immunofluorescence Analysis

Immunofluorescence of paraffin sections was exactly as described
by Chung et al. (2018). EAU (50 mg/kg, E10187, Life Technologies)
was injected intraperitoneally 4 h before fixation and Click-iT EAU
Alexa Fluor 647 Imaging Kit (Life Technologies) was used to
detect positive cells. Primary antibodies were as follows: surfactant
protein C (Millipore, ab3786, 1:500), RAGE/AGER (R&D Sys-
tems, MAB1179, 1:200), HOPX (Santa Cruz Biotechnology, sc-
30216, 1:250), Tla (DSHB, clone 8.1.1, 1:1,000), RFP (Rockland,
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600401379, 1:250), Ki67 (Abcam, 15580, 1:500), and KRTS (Bio-
Legend, Poly19055, 1:500). Images were obtained by using
confocal microscopes (Zeiss LSM 780, Olympus FV3000) or a
wide-field fluorescence microscope (Zeiss Axio Imager).

Sample Preparation for RNA Sequencing

Organoids were dissociated from Matrigel with Dispase followed by
trypsin-EDTA digestion. Cells were washed with 10% FBS in DMEM/
F12 and Sftpc-CreER; tdTomato* cells were sorted by FACS. Total
RNA was extracted using Direct-zol RNA Miniprep Kit (Zymo
Research) and mRNA was enriched from ~26 ng of each total
RNA using NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs). Libraries were prepared using NEBNext
Ultra II RNA Library Prep Kit for Illumina (New England BioLabs).
Paired-end sequencing (150 bp for each read) was performed using
HiSeq X with the depth of 24 million reads per sample.

In Situ Hybridization

The PLISH protocol was kindly provided by Dr. Tushar Desai
(Stanford University, CA, USA) (Nagendran et al., 2018). Frozen sec-
tions were fixed with 3.7% formaldehyde for 20 min, treated with
20 pg/mL proteinase K for 8 min at 37°C, and dehydrated with
ethanol. The sections were incubated with gene-specific probes
(Table S1) in hybridization buffer (1 M sodium trichloroacetate,
50 mM Tris [pH 7.4], 5 mM EDTA, 0.2 mg/mL heparin in diethyl
pyrocarbonate (DEPC)-treated H,O) for 2 h at 37°C followed by
washing with hybridization buffer. Common bridge and circle
probes were added to the section and incubated for 1 h followed
by T4 ligase reaction for 2 h. Rolling circle amplification was per-
formed by using phi29 polymerase (Lucigen) overnight. The section
was washed with label probe hybridization buffer (2x saline-
sodium citrate/20% formamide in DEPC-H,O) and fluorophore-
conjugated detection probe was applied and incubated for 1 h at
37°C. After washing with PBS containing 0.05% Tween 20, conven-
tional immunofluorescence assay was performed.

Statistics

All bar graphs show mean + SEM of three independent experi-
ments. Statistical significance was calculated by using ANOVA
followed by the Tukey-HSD method. p < 0.05 was considered statis-
tically significant.
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