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SUMMARY

Extensive remodeling of the airways is a major characteristic of chronic inflammatory lung diseases such as
asthma or chronic obstructive pulmonary disease (COPD). To elucidate the importance of a deregulated im-
mune response in the airways for remodeling processes, we established amatchingDrosophilamodel. Here,
triggering the Imd (immune deficiency) pathway in tracheal cells induced organ-wide remodeling. This struc-
tural remodeling comprises disorganization of epithelial structures and comprehensive epithelial thickening.
We show that these structural changes do not depend on the Imd pathway’s canonical branch terminating on
nuclear factor kB (NF-kB) activation. Instead, activation of a different segment of the Imd pathway that
branches off downstream of Tak1 and comprises activation of c-Jun N-terminal kinase (JNK) and forkhead
transcription factor of the O subgroup (FoxO) signaling is necessary and sufficient to mediate the observed
structural changes of the airways. Our findings imply that targeting JNK and FoxO signaling in the airways
could be a promising strategy to interfere with disease-associated airway remodeling processes.

INTRODUCTION

Airway epithelial cells not only constitute the first line of de-

fense against airborne pathogens but are also pivotal for

maintaining the lung’s structural integrity and immune homeo-

stasis (Lambrecht and Hammad, 2012; Proud and Leigh,

2011; Whitsett and Alenghat, 2015). The airway epithelium

functions as a sentinel, translating external and internal infor-

mation into physiological or pathophysiological responses.

Chronic epithelial disorders of the lung, such as asthma,
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COPD (chronic obstructive pulmonary disease), and cystic

and pulmonary fibrosis, are associated with inflammation

and structural remodeling (Adam et al., 2015; Camelo et al.,

2014; Hiemstra et al., 2015; Holgate, 2007a; Whitsett and

Alenghat, 2015). In particular, deregulated epithelial immune

homeostasis appears to be involved in most of these diseases

(Proud and Leigh, 2011; Van Eerdewegh et al., 2002; Wark

et al., 2005).

Most components of the airway innate immune system

converge onto nuclear factor kB (NF-kB) activation; chronic

deregulation of this signaling pathway is associated with devel-

opment of a number of chronic lung diseases (Broide, 2008;

Broide et al., 2005; Cheng et al., 2007; Hart et al., 1998; Pantano

et al., 2008). NF-kB signaling in airway epithelial cells not only

regulates the expression of proinflammatory cytokines and anti-

microbial peptides but has also been shown to be involved in

structural remodeling processes of the entire lung, including

goblet cell hyperplasia and dedifferentiation of epithelial cells

(Broide et al., 2005; Pantano et al., 2008).

To better understand the molecular basis of these structural

changes, simple models are ideal. In recent years, the fruit fly

Drosophila has been established successfully as a genetically

tractable model to study the molecular framework underlying

various chronic lung diseases, such as asthma, COPD, and

lung cancer (Levine and Cagan, 2016; Pandey and Nichols,

2011; Prange et al., 2018; Roeder et al., 2012; Wagner et al.,

2009). Insects possess a very simple, purely epithelial airway

system that nevertheless shares surprising commonalities with

the human lung in terms of structure, physiology, organogenesis,

and innate immune system (Roeder et al., 2009). In particular,

exposure of Drosophila airway epithelial cells to bacterial com-

pounds and substances acting as allergens in humans induces

a cell-autonomous immune response that converges on NF-kB

activation (Onfelt Tingvall et al., 2001; Tzou et al., 2000; Wagner

et al., 2009; Warmbold et al., 2013). However, unlike in humans,

where two signaling pathways the Toll-like receptor (TLR)/inter-

leukin-1 (IL-1) and tumor necrosis factor alpha (TNF-a) path-

ways, act in parallel to mediate epithelial immune responses, in

the fruit fly’s airway epithelium, only the immune deficiency

(Imd) pathway (homologous to the mammalian TNF-a pathway)

appears to be operative (Akhouayri et al., 2011; Wagner et al.,

2008). Imd activation induces a powerful antimicrobial response

mediated by induced expression of antimicrobial peptides (Han-

son et al., 2019; Tzou et al., 2000). Moreover, local structural

changes have been observed upon strong antimicrobial re-

sponses to infection in the airways of Drosophila (Wagner

et al., 2009).

However, the mechanisms by which constitutive activation

of the airway epithelial immune response results in pathologic

tissue remodeling are not well understood. To address this

question, we specifically activated the Imd pathway in

Drosophila airways and then analyzed the functional and

structural consequences. We show that activation of epithelial

immunity through the Imd pathway induces strong airway re-

modeling comprising epithelial meta- and hyperplasia. Sur-

prisingly, this reaction does not depend on the canonical

branch of the Imd pathway leading to NF-kB activation but

on an alternative branch comprising c-Jun N-terminal kinase

(JNK) and forkhead transcription factor of the O subgroup

(FoxO) signaling.

RESULTS

Constitutive Imd activation in the airway epithelium
induces a strong antimicrobial response
Taking advantage of its simple airway structure and the unique

and highly versatile toolbox available for Drosophila (Kallsen

et al., 2015; Wagner et al., 2008), we studied the outcome of

constitutively activated innate immune signaling in airway

epithelial cells. To achieve this, we used the bipartite Gal4/up-

streamactivating sequence (UAS) system,which allows targeted

expression of the pattern recognition receptors PGRP-LC and

-LE (Takehana et al., 2002) exclusively in the airways via the high-

ly specific ppk4-Gal4 driver strain (Liu et al., 2003). As expected,

this activation of the Imd pathway induced a significant increase

in expression of all major antimicrobial peptide genes, regard-

less of whether PGRP-LC or PGRP-LE was used (Figure 1A).

Constitutive Imd activation leads to thickening of the
airway epithelium at all life stages
Beside expression of antimicrobial peptides, the most intriguing

phenotype observed in response to persistent Imd activation

was thickening of the epithelial layer. This cell thickening was

accompanied by loss of regularity of airway epithelial cells, re-

sulting in fuzzy cell-cell boundaries (Figures 1B and 1C). Epithe-

lial thickening occurred throughout the entire airway system (Fig-

ures 1D–1K, red arrowheads) with severalfold increases in

thickness, regardless of whether PGRP-LC or PGRP-LE was

ectopically overexpressed (Figure 1L). In these airways, the air-

conducting lumen was irregular and obstructed (Figures 1I and

1K, black arrows). To exclude potential developmental effects,

we used temporal refinement of the bipartite Gal4/UAS system

by including the temperature-sensitive tubP-Gal80ts repressor

(McGuire et al., 2003). Animals carrying the tubP-Gal80ts

repressor in addition to the Gal4/UAS elements showed no signs

of structural changes when kept at the restrictive temperature

(18�C; Figure 1M, red arrowheads). In contrast, shifting first-

instar larvae to the permissive temperature (28�C) for 24 h trig-

gered a thickening of the epithelium (Figure 1N, red arrowheads),

which, after 48 h culminated in the full, chronic airway remodel-

ing phenotype (Figure 1O, red arrowheads). The most severe

structural phenotypes were also associated with substantial

larval lethality, leading to reduced pupation rates.

To verify whether the phenotype of thickening of the epithelia

induced by Imd activation is independent of developmental pro-

cesses and can be observed at all life stages, including in adults,

we conducted two additional sets of experiments. To have

expression control in the adult tracheal system, we used the btl-

Gal4 driver (btl-Gal4, tubP-Gal80ts 3 UAS-PGRP-LC) in addition

to the ppk4-Gal4 driver already described (Figure 2). In the first

experimental setup, ectopic Imd activation was restricted to the

last larval stage before metamorphosis begins (L3) by shifting

from the restrictive (18�C) to the permissive (28�) temperature in

early L3 larvae and analyzing the phenotype at the end of this

larval stage (Figure 2A). In this way, possible confounding effects

caused by molting could be excluded. Here we observed an
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almost identical phenotype as one described before (Figures 2B–

2D). As expected, the non-induced controls (18�C) showed no

signs of changes in airway epithelium (Figure 2b), making them

indistinguishable from wild-type controls. On the other hand, in-

duction in early L3 larvae by shifting the animals from 18�C to

28�C induced the expected phenotype, characterized bymassive

Figure 1. Constitutive activation of Imd signaling in airway epithelial cells of the fruit fly induces a strong antimicrobial response and

considerable thickening of the airway epithelium across the entire airway tree

(A) Effects of ectopic Imd activation on antimicrobial peptide (AMP) gene expression in the airway epithelium ofDrosophila larvae for airways from control animals

(ppk4-Gal4 3 w1118) and animals overexpressing PGRP-LE (ppk4-Gal4 3 UAS-PGRP-LE), and PGRP-LC (ppk4-Gal4 3 UAS-PGRP-LC).

(B and C) Confocal fluorescence microscopy images of DAPI- and anti-coracle-stained airways (dorsal trunk and seceding primary branch) originating from

control (B) and PGRP-LC-overexpressing larvae (C). Scale bars, 50 mm.

(D–G) Low-magnification light microscopy analyses of airways with activation of NF-kB signaling by PGRP-LE (E), PGRP-LC overexpression (G), or no activation

(D and F). Red arrowheads, epithelial thickness; black arrows, inner airway lumen. Scale bars, 50 mm.

(H–K) High-resolution electron micrographs of airway branches from PGRP-LE (I), PGRP-LC-overexpressing larvae (K), or matching controls (H and J). C, cuticle;

Epi, epidermis; L, lumen; black arrows, lining cuticle; red arrowheads, epithelial thickness. Scale bars, 2.5 mm.

(L) Quantification of epithelial thickness in different branching generations of airways from PGRP-LE (light gray bars), PGRP-LC-overexpressing (dark gray bars)

larvae, or matching controls (white bars).

(M–O) Low-magnification light microscopy analyses of airways in which PGRP-LE expression was controlled temporally by the temperature-sensitive Gal4

inhibitor Gal80ts (ppk4-Gal4, tubP-Gal80ts, UAS-PGRP-LC). Shown are airways of larvae raised at 18�C (M), cultured temporarily at 28�C for 24 h (N; first ˃ second
larval instar) or 48 h (O; first ˃ early third larval instar) after reaching the first larval instar.

Data show mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. n R 3 (A, unpaired t test followed by Holm multiple comparisons testing), n R 43 (L, one-way

ANOVA). Scale bars, 50 mm.
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thickening of the epithelium (Figure 2C). Quantitative analysis of

the thickening phenotype showed that the btl-Gal4 driver was

the more effective one. Imd activation in third-instar larvae

induced thickening to similar extents comparedwith the induction

scheme starting earlier in development, although the entire period

of activation occurred during this last larval stage (Figure 2D).

Finally, we induced ectopic Imd activation only in adults, avoiding

any confounding influences from developmental or organ growth

processes (Figure 2E). Here we used the btl-Gal4 driver only

because theppk4-Gal4 driver is active in the adult tracheal system

in a very limited form. In adults, we activated the Imd pathway by

shifting the animals from the restrictive (18�C) to the permissive

(28�C) temperature and analyzed them 3–4 days later (Figure 2E).

In non-induced controls, the airway epithelium remained normal

(Figure 2F), whereas in induced ones, we observed substantial

thickening of the airway epithelium that resembled the reaction

Figure 2. Imd pathway activation led to

epithelial thickening even when the pathway

was triggered exclusively in the last larval

stage or in adults

(A) The experimental setup, showing that activa-

tion of the Imd pathway was restricted to a short

phase during the last larval stage (L3).

(B and C) Control animals of the genotype (btl-

Gal4, tubP-Gab80ts, UAS-GFP, UAS-PGRP-LC)

were maintained at the restrictive (18�C) temper-

ature (B), whereas experimental animals were

shifted as early L3 larvae to 28�C and analyzed

during the same larval stage (C).

(D) Quantitative evaluation of the thickening was

done with controls (18�C), with animals shifted to

the permissive temperature (28�C) for 3–4 days of

the same genotype or ppk4-Gal4, tubP-Gal80ts,

UAS-GFP, UAS-PGRP-LC.

(E) Expression was restricted to the adult stage,

induced by shifting the experimental animals from

18�C to 28�C in the adult stage only.

(F) In controls, animals of this genotype were kept

at 18�C.
(G) For the experimental animals, a shift to 28�C
was done only at the adult stage.

(H) Quantitative evaluation of airways thickness.

n > 10, ****p < 0.0001. Scale bars, 100 mm.

we observed in larval tracheae (Figures

2G and 2H). This thickening was seen

throughout the entire tracheal system and

was highly significant compared with the

non-induced controls (Figure 2H). These

animals did not die immediately but

showed substantial impairment, which

included strongly reduced physical

activity.

Imd activation in the airway
epithelium induces meta- and
hyperplasia
The persistent Imd activation in the airway

epithelium that was triggered by PGRP-

LC overexpression induced additional local changes, including

partial melanization (Figure 3B, white arrows) and liquid infiltra-

tion (Figure 3B, black arrowhead). Further, larvae with airway-

specific PGRP-LC overexpression displayed aberrant sprouting

of new terminal airway branches (Figures 3D and 3E) compared

with the corresponding controls (Figure 3C).

Hyperplasia (proliferation) or metaplasia (loss of epithelial cell

features) could be the reason for increased epithelial thickening

and a consequence of the increased amount of airway tissue.

Therefore, we determined the number of nuclei per length as well

as the mean nucleus area in all different branching categories of

airways in which PGRP-LC was overexpressed. Quantification of

cell numbers in PGRP-LC-overexpressing airways showed an in-

crease of up to 2-fold compared with the controls, although they

were still organizedasamonolayer (Figures 3F and3G).Moreover,

airway epithelial nuclei of PGRP-LC-overexpressing airways were
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at least 1.5-fold larger in size than those of airways inwhichPGRP-

LC was expressed at an endogenous level (Figures 3H and 3I).

Both aspects are characteristics for hyperplasia and metaplasia,

which are also hallmarks of chronic inflammatory lung diseases.

Epithelial thickening triggered by Imd activation
depends only to a low degree on the NF-kB factor Relish
The canonical Imd signaling cascade of Drosophila converges

on activation of the NF-kB factor Relish, which, upon activation,

induces transcription of target genes, including those for antimi-

crobial peptide (Figure 4A). Although ectopic expression of a

constitutively active form of Relish (relD) induced expression of

the antimicrobial peptide (AMP) genes drosomycin (drs) and dip-

tericin (dipt) (Figure 4B), the epithelium of relD-overexpressing

airways was only slightly thickened compared with the ones

experiencing PGRP-LE or -LC overexpression (Figure 4C; Fig-

ure S1). Subsequently, we evaluatedwhether Relish is necessary

to induce these structural changes by ectopic overexpression of

Figure 3. Imd pathway activation in the airway epithelium induced meta- and hyperplasia

(A and B) Light microscopy images of airways from control (ppk4-Gal4 3 w1118) and PGRP-LC-overexpressing (ppk4-Gal4 3 UAS-PGRP-LC) larvae. The black

arrowhead marks liquid infiltrations, and white arrows point to melanization. Scale bars, 100 mm.

(C and D) Images of terminal branches located under the epidermis of the third larval segment. Images at the bottom right show resized images in which the

terminal branches were traced. Scale bars, 50 mm.

(E) Quantification of terminal branches in larvae overexpressing PGRP-LC (light gray bar) or in matching controls (white bar).

(F) Fluorescence images of DAPI-stained dorsal trunks originating from PGRP-LC-overexpressing airways (bottom image) or a matching control (top image).

Scale bars, 50 mm.

(G) Quantification of cell nuclei in dorsal trunks, primary and secondary branches derived from PGRP-LC overexpressing airways, or matching controls.

(H) Fluorescence images of DAPI-stained nuclei from dorsal trunks of PGRP-LC-overexpressing airways (bottom image) or matching controls (top image). Scale

bar, 10 mm.

(I) Quantification of nuclear sizes in dorsal trunks, primary and secondary branches from controls, as well as PGRP-LC-overexpressing airways.

Data show mean ± SEM. n R 16 (E and G), n = 32 (I), two-tailed Mann-Whitney U test, ***p < 0.001, ****p < 0.0001.
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PGRP-LC in a rel-deficient background (Hedengren et al., 1999).

These flies (ppk4-Gal4, UAS-PGRP-LC, rel38/38), although

devoid of the Imd pathway-associated key transcription factor,

developed epithelial thickening similar to animals carrying wild-

type rel alleles (ppk4-Gal4, UAS-PGRP-LC; Figure 4D).

Imd-induced epithelial thickening relies on Tak1 and the
downstream JNK signaling pathway
Because the presence of relish was not necessary for the

airway thickening phenotype, we hypothesized that signaling

routes connecting PGRP-LC activation with the JNK signaling

pathway may regulate epithelial hyper- and metaplasia. Tak1,

an integral part of the Imd signaling pathway, acts in concert

with Tab2 to create a hub connecting the Imd with the JNK

signaling pathway (Silverman et al., 2003). Thus, we examined

the effect of reducing Tak1 activity by coexpression of UAS-

Tak1-RNAi in PGRP-LE-overexpressing flies or coexpression

of a dominant-negative Tak1 isoform (Tak1DN) in PGRP-LC-

overexpressing ones (Figure 5A). The effects of overexpres-

sion of PGRP-LC or PGRP-LE were largely identical, so we

performed the corresponding overexpression (PGRP-LC or

PGRP-LE) with simultaneous reduction of Tak1 activity

(RNAi or Tak1DN), depending on technical practicability. We

observed a substantial reduction in epithelial thicknesses in

flies overexpressing PGRP-LE concurrently with Tak1-RNAi

in most parts of the tracheal system, which was significant

for the primary and secondary branches but not for the dorsal

trunks (Figure 5A). The strong reduction of Tak1-dependent

signaling by co-expression of Tak1DN largely reduced the

increased epithelial thickness observed in PGRP-LC-overex-

pressing airways to levels that were indistinguishable from

the controls for the dorsal trunks and the secondary branches

(Figure 5A). This shows that Tak1DN was far more effective in

reducing Tak1-mediated signaling than Tak1-RNAi. Because

Tak1 can activate JNK signaling (Silverman et al., 2003), we

tested our hypothesis that the JNK pathway is required to

translate PGRP-LE or PGRP-LC activation into the structural

phenotypes. Therefore, we overexpressed PGRP-LE concur-

rent with inhibiting the JNK pathway at the level of Basket

(bsk; dJNK, Drosophila c-Jun N-terminal kinase) with two

different approaches: first by using bsk-RNAi and second by

using a dominant-negative basket isoform, bskDN. This down-

regulation of JNK signaling by expression of bsk-RNAi or

bskDN concurrently with Imd pathway activation through

PGRP-LE overexpression resulted in significantly reduced

epithelial thicknesses throughout the entire airway system

compared with animals where only PGRP-LE was overex-

pressed (Figure 5B; Figure S2). This reduction in induced

epithelial thickening was approximately 50% on average and

was statistically significant in all cases (primary and second-

ary branches are not shown). The lack of complete reduction

of this induced phenotype might have resulted from incom-

plete inhibition of JNK signaling by these interventions (RNAi

and bskDN) but should also be attributed to Relish-mediated

Figure 4. Epithelial thickening triggered by

constitutive Imd activation depends only

partially on the NF-kB transcriptional factor

Relish

(A) Schematic overview of the Imd (immune defi-

ciency) pathway. The Imd pathway is activated by

the membrane-bound pattern recognition receptor

PGRP-LC or by the soluble intracellular and/or

extracellular receptor PGRP-LE (peptidoglycan

recognition protein LC/LE). Imd activation results in

phosphorylation and cleavage of the transcription

factor Relish (Rel68/Rel49). Rel68 translocates into

the nucleus, where it regulates the expression of

AMP genes (e. g. diptericin). Natural elicitors of this

pathway are, e.g., DAP-PGN (Diaminopimelic acid-

type peptidoglycan) or TCT (tracheal cytotoxin).

(B) Quantification of drosomycin (drs) and diptericin

(dipt) expression in relD-overexpressing and control

airways from third-instar larvae.

(C) Quantitative evaluation of epithelial thickness in

relD-overexpressing airways and matching con-

trols. Epithelial thicknesses of PGRP-LE- and

PGRP-LC-overexpressing airways are shown as

gray shaded boxes and those of the other experi-

mental analyses as gray boxes.

(D) Quantification of epithelial thicknesses in dorsal

trunks of airways overexpressing PGRP-LC in a

wild-type or a relish-deficient background and in

matching controls. Individual numbers of analyzed

animals are listed above or below the boxplots.

Red-framed boxplots display the dataset for PGRP-

LC-overexpressing airways, dissected from larvae homozygous for the null allele RelishE38.

Data showmean± SEM. n = 6 (B), multiple t test followed by Holmmultiple comparisons testing, *p < 0.05, nR 46 (C), nR 20 (D), one-way ANOVA, **p < 0.01, ****p <

0.0001.
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epithelial thickening, which is lower but clearly present (Fig-

ure 4C). Nevertheless, these results demonstrated that JNK

signaling is required to enable airway hyper- and metaplasia

in response to Imd pathway activation. Furthermore, we

wanted to find out whether PGRP-LC overexpression is suffi-

cient to activate the JNK pathway in the tracheae. Therefore,

we analyzed phosphorylation of basket (JNK). Immunostaining

analyses revealed only marginal staining in non-induced con-

trol airways (Figure 5C), whereas a strong increase in pJNK in

Figure 5. Imd-induced epithelial thickening

depends to a major extent on the Tak1-

JNK (c-Jun N-terminal kinase) axis

(A) Epithelial thicknesses of dorsal trunks (left),

primary branches (center), or secondary branches

(right) experiencing PGRP-LE or PGRP-LC over-

expression in airway epithelial cells alone or in

combination with tak1-RNAi or tak1DN.

(B) Quantification of epithelial thicknesses in dorsal

trunks of airways derived from larvae over-

expressing PGRP-LE in a wild-type background

(w1118) concurrent with a basket dominant-nega-

tive isoform (UAS-bskDN) or bsk-RNAi (UAS-bsk-

RNAi).

(C and D) Fluorescence images of anti-phospho-

JNK (pJNK, phosphorylated JNK)-stained airways

from PGRP-LC-overexpressing larvae (ppk4-Gal4/

tubP-Gal80ts 3 UAS-PGRP-LC) and matching

controls (ppk4-Gal4/tubP-Gal80ts 3 w1118).

(E–H) vvl-coints (vvl-FLP, CoinFLP-Gal4, UAS-

2xEGFP/+; tubP-Gal80ts)-mediated mosaic anal-

ysis of PGRP-LC overexpression followed by anti-

pJNK immunohistochemistry. Control animals (E

and F; vvl-FLP, CoinFLP-Gal4, UAS-2xEGFP/+;

tubP-Gal80ts X w1118) and experimental animals

(vvl-FLP, CoinFLP-Gal4, UAS-2xEGFP/+; tubP-

Gal80ts X UAS-PGRP-LC), where mosaics are

labeled by GFP in green (white arrows) and pJNK

staining in red (red arrows), are shown. Scale bars,

100 mm (C).

Data show mean values ± SEM. n R 49 (A and B),

one-way ANOVA, *p < 0.05, ***p < 0.001****p <

0.0001.

the entire epithelium was seen in PGRP-

LC-overexpressing airways (Figure 5D).

To verify that the observed effects of

JNK pathway activation in response to

PGRP-LC overexpression are cell

autonomous, we targeted expression

to a few epithelial cells in a mosaic

fashion using the vvl-coin system (Fig-

ures 5E–5H). In controls (vvl-Gal4 3

w1118), staining for pJNK did not reveal

any relevant signal (Figures 5E and 5F).

In contrast, in mosaics where PGRP-

LC was co-expressed in GFP-positive

cells (vvl-Gal4 3 UAS-PGRP-LC), we

observed a strong and clear pJNK

signal in cells that also express GFP

(Figures 5G and 5H). The lack of pJNK

staining in non-affected cells shows that the effect of activa-

tion of the JNK pathway is cell autonomous.

The transcription factor FoxO is activated in the airway
epithelium by Imd signaling dependent on the JNK
signaling pathway
FoxO is one of the transcription factors that execute effects of JNK

pathway activation (Essers et al., 2004; Wang et al., 2005). There-

fore, we evaluated whether FoxO, the sole ortholog of the
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forkhead-box subgroup O family in Drosophila, is involved in

airway remodeling because of JNK activation. Using a foxo-pro-

moter-Gal4 strain, we demonstrated that the foxo gene is highly

expressed throughout the airways ofDrosophila larvae (Figure 6A,

white arrowheads). To testwhether Imdpathway activationaffects

FoxO signaling, we used ppk4-Gal4, UAS-foxo-gfp flies and

analyzed the subcellular localization and intracellular trafficking

ofFoxO-GFP in theairwayepithelium.Asexpected, in theabsence

ofany treatmentorstimulation,FoxO-GFPwaspresentexclusively

in the cytoplasm of airway epithelial cells (Figure 6B, white arrow-

heads). However, concurrent overexpression of PGRP-LC and

foxo-gfp provoked organ-wide nuclear translocation of FoxO-

GFP (Figure 6C, red arrows), indicating that FoxO translocation

is triggeredby Imdsignaling. So far,wecould conclude that strong

and persistent Imd activation triggered by forced PGRP-LC or

PGRP-LEoverexpression inducedJNKsignalingandFoxOactiva-

tion in the airway epithelium ofDrosophila larvae. However, it was

still unclear whether FoxO and JNK activation are part of the same

signaling system. To clarify this, we generated fly strains in which

PGRP-LC and foxo-gfp were overexpressed concurrent with

bsk-RNAi orbskDN in the airwayepithelium. Regardlessofwhether

JNK signaling was impaired by bsk-RNAi or by co-expression of

bskDN, nuclear FoxO translocation was abolished completely in

airway epithelial cells lacking active JNK signaling while experi-

encing Imd activation (Figures 6D and 6E). A quantitative evalua-

tion of these results using the fluorescent signals in nuclear and

cytosolic regions of airway epithelial cells revealed only for the

ectopic overexpressionofPGRP-LCwithout concurrent reduction

of JNK signaling an increased nuclear-to-cytosolic signal ratio. On

the other hand, those flies experiencing simultaneous overexpres-

sion of PGRP-LC and bskDN or bsk-RNAi showed ratios at levels

similar to as observed in the controls (Figure 6F). These results

demonstrate that Imd signaling in the airway epithelium drives nu-

clear FoxO translocation through activation of the JNK pathway.

Moreover, we also observed melanization in the trachea in

response to PGRP-LC overexpression, regardless of whether

the JNK pathway was impaired (Figures 6C–6E white arrows).

Thisshows that thePGRP-LC inducedmelanization response is in-

dependent of the JNK pathway.

To test whether other stressors could elicit similar responses

(i.e., inducing translocation and, therefore, activation of relevant

transcription factors in the airways), we used a short period of

Figure 6. The JNK branch of the Imd

signaling pathway mediates FoxO (forkhead

transcription factor of the O subgroup)

translocation in the airway epithelium

(A) Fluorescence image of second-instar larva from

crosses between a promotor-foxo-Gal4 strain and

a UAS-gfp strain (white arrowheadsmark airways).

Scale bar, 500 mm.

(B–E) Fluorescence images of second-instar larvae

overexpressing gfp-tagged foxo (B); over-

expressing gfp-tagged foxo and PGRP-LC simul-

taneously (C); overexpressing gfp-tagged foxo,

PGRP-LC, and bskDN simultaneously (D; UAS-

bskDN), or overexpressing gfp-tagged foxo, PGRP-

LC, and bsk-RNAi simultaneously (E; UAS-bsk-

RNAi) in the tracheae. White arrowheads mark

airways, red arrows indicate translocation events,

and white arrows indicate melanization. Scale

bars, 500 mm (top images) and 50 mm (bottom

images).

(F) A quantitative analysis of the nuclear trans-

location behavior of FoxO was performed with

ImageJ.

(G and H) The effects of short cold exposure (2 h,

4�C, right image line; the left image line shows

controls) were analyzed in Drosophila larvae (G) as

well as in human airway epithelial cells (H). The

translocation behavior of eFP-tagged transcription

factors targeted to the Drosophila trachea (foxo-

gfp, top; dorsal-gfp, center; relish-yfp, bottom) is

shown (G). In (H), immunohistochemical analyses

of A549 cells using a-FoxO1 antibodies are shown

(a-FoxO1, top; DAPI, center; merge of a-FoxO1

and DAPI, bottom). Scale bars, 100 mm (G) and

25 mm (H).

(I) The outcome of severe hypoxia on survival of

foxo-deficient (foxo21/21) as well as control flies.

They were subjected to 24 h of hypoxia (1% O2),

and survival was measured 24 h later.

Data showmean values ± SD. n = 20 (F), n = 11 (I), t

test, **p < 0.01.
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cold treatment (2 h, 4�C) as a model stressor, which has been

linked repeatedly to chronic lung disease and can lead to exacer-

bation of asthmaandCOPD (Hansel et al., 2016; Seys et al., 2019).

Therefore, we used eFP (enhanced fluorescent protein)-tagged

transcription factors targeted to the larval airways and could

show that this cold treatment induced almost complete nuclear

translocation of FoxO in comparisonwith controls, where no signs

of nuclear localization were observed (Figure 6G). In contrast, we

did not observe any signal of nuclear translocation for the tran-

scription factors Dorsal (dl) and Relish (rel) (Figure 6G). We also

analyzed the human cell line A549, which originates from alveolar

cells. Here we used immunohistochemistry with a-FoxO1 anti-

serum and could show that 2 h of cold exposure induced almost

complete nuclear translocation of FoxO1, whereas its localization

under control (unstressed) conditions was mostly restricted to the

cytosol (Figure 6H). Finally, we evaluated whether the presence of

FoxO factors had a physiologically relevant outcome that could be

attributed to airborne signals. Here, we subjected foxo-deficient

(foxo21/21) as well as control flies to hypoxia (1 day, 1% O2) and

could show that foxo-deficient flies were significantly more sus-

ceptible to this intervention because their survival rate was signif-

icantly lower (Figure 6I).

The JNK target gene FoxO is essential for transmission
of Imd-induced epithelial remodeling
Next we evaluated whether FoxO activation alone was sufficient

for induction of the remodeling phenotype. Expression of a

constitutively active isoform of foxo resulted in early larval death

because of massive malformation of the airways. Thus, we

ectopically overexpressed the wild-type form of foxo in the

airway epithelium. As in relD-overexpressing airways (Figure 4B),

expression of the AMP genes drosomycin and diptericin was

elevated (Figure S3). Moreover, compared with matching con-

trols, (Figures 7A and 7C), foxo-overexpressing airways showed

morphological changes consistent with those observed in

PGRP-LC-overexpressing ones, comprising loss of epithelial

regularity (Figure 7B), airway deformation (Figure 7D, black ar-

row) and epithelial thickening (Figures 7D and 7E). Immunofluo-

rescence analyses suggested that epithelial thickening was also

caused by excessive proliferation of epithelial cells (Figures 7F

and 7G) and a structural change of these cells, as exemplified

by an increase in the nuclear sizes of epithelial cells by a factor

of 1.6 (Figures 7H and 7I).

To determine whether FoxO activation is not only sufficient but

also necessary for these phenotypic alterations, we activated the

Imd signaling pathway in foxo-RNAi (foxoRNAi) or foxo-deficient

(foxo21/21) backgrounds. Although ectopic overexpression of

foxo or PGRP-LC significantly increased epithelial thickness

(Figures 7E and 7J), overexpression of PGRP-LC in a foxo-defi-

cient background resulted in animals with almost normal air-

ways, irrespective of whether endogenous foxo expression

was reduced by RNAi or abolished completely (foxo21/21;

Figure 7J).

DISCUSSION

Using aDrosophilamodel of airway remodeling, we demonstrate

that chronic activation of the epithelial immune system leads to

substantial structural changes in the respiratory tract that are

associated with dysfunction of the organ. These induced struc-

tural changes comprise meta- and hyperplastic transformations

of airway epithelial cells. We were able to detect these induced

structural changes at all life stages of Drosophila, even in adults,

which experienced only a short phase of Imd pathway activation.

For technical reasons, however, we performed the more in-

depth mechanistic analyses on larvae. Local airway remodeling

processes in response to strong immune activation have already

been shown in the fly’s airways (Wagner et al., 2009). This reac-

tion appears to be very specific because other stressors, such as

chronic cigarette smoke exposure, did not induce such a

response (Prange et al., 2018). Because deregulation of NF-kB

signaling in airway epithelial cells of mice is sufficient to induce

lung pathology-associated structural changes in, for example,

asthma models (Broide et al., 2005; Pantano et al., 2008), it

was surprising to see that only a small part of the structural

changes observed in the Drosophila airway remodeling model

could be attributed directly to epithelial NF-kB signaling. In

contrast, we observed that, in the Drosophila airway system,

most of the structural changes that result from chronic epithelial

immune activation depend on JNK signaling involving the tran-

scription factor FoxO. This is possible because Tak1 intertwines

two signaling pathways, the classical Imd one, which leads to

activation of the NF-kB factor Relish, and the JNK signaling

pathway. This bifurcation of signaling, which allows activation

of NF-kB and JNK signaling downstream of Tak1, is not

restricted to Drosophila; in many mammals (including humans),

Tak1 also acts as an intracellular hub molecule activating NF-

kB- and JNK-dependent signaling processes (Sabio and Davis,

2014; Shim et al., 2005).

JNK signaling is associated with a number of different chronic

lung diseases, including lung fibrosis, COPD, asthma, and lung

cancer (Eurlings et al., 2017; Eynott et al., 2003; Khatlani et al.,

2007; van der Velden et al., 2016). Excessive activation of JNK

signaling is correlated with epithelial-mesenchymal transition

processes in the lung (Willis and Borok, 2007), which makes

JNK signaling a reasonable target for specific intervention strate-

gies (van der Velden et al., 2016). Airway epithelial JNK signaling

is activated by a variety of stressors, including infection and UV

radiation, and has a central role in lung tissue repair mechanisms

(Crosby and Waters, 2010).

Downstream of JNK signaling, transcription factors such as

AP1 and FoxO execute the physiological effects of pathway acti-

vation. In the present study, we demonstrated that FoxO is

necessary and sufficient to induce airway remodeling in

response to chronic Imd pathway activation. We assume that

the complex reactions leading to these structural changes are

part of a FoxO-dependent survival program (Luo et al., 2005)

that is usually required to maintain tissue homeostasis, espe-

cially in the case of locally occurring damage (Pasparakis,

2008, 2009). Such tissue damage can be healed by cell division

and cell migration in the epithelium (Simnett and Fisher, 1976),

which requires hyper- and metaplasia of airway epithelial cells.

Although hyper- and metaplasia are inevitable for regeneration,

such changes can trigger development of chronic lung diseases

and cancer (Karin and Greten, 2005). InDrosophila, thickening or

swelling of the epithelial cell layer, caused by hyper- and
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metaplasia of epithelial cells, is themajor pathological character-

istic, something that is also observed in severe forms of asthma

in humans (Cohen et al., 2007). This reaction occurs naturally in

the fly’s airway epithelium in response to strong infection, but

usually it remains local, avoiding the pathological effects

observed in response to organ-wide activation of these systems

(Wagner et al., 2009).

FoxO factors act as sentinels for a wide array of stressors in

airway epithelial cells in Drosophila and vertebrates (Pantano

et al., 2008; Roeder et al., 2009; Salih and Brunet, 2008).

Figure 7. The JNK target gene foxo is

necessary to mediate Imd-induced epithe-

lial remodeling

(A and B) Confocal fluorescence microscopy im-

ages of DAPI- and anti-coracle-stained airways

from foxo-overexpressing larvae (B) and matching

controls (A). Scale bars, 100 mm.

(C and D) Low-magnification light microscopy an-

alyses of airways experiencing foxo over-

expression (D) or not (C). Red arrowheads,

epithelial thickness; black arrow, inner air con-

ducting space. Scale bars, 100 mm.

(E) Quantification of epithelial thicknesses in

different airway branching generations of larvae

experiencing foxo overexpression.

(F) Fluorescence images of DAPI-stained dorsal

trunks derived from foxo-overexpressing airways

(bottom image) and matching controls (top image).

Scale bars, 50 mm.

(G) Quantification of cell nuclei in dorsal trunks and

primary and secondary branches of foxo-over-

expressing airways.

(H) Fluorescence images of DAPI-stained epithelial

nuclei from dorsal trunks of foxo-overexpressing

airways (bottom image) andmatching controls (top

image). Scale bar, 10 mm.

(I) Quantification of nuclear sizes in dorsal trunks

and primary and secondary branches from foxo-

overexpressing airways.

(J) Quantitative evaluation of epithelial thicknesses

in dorsal trunks overexpressing PGRP-LC in a

wild-type genetic background or in a foxo-defi-

cient background.

Data showmean values ± SEM. nR 42 (E), nR 19

(G and I), n R 12 (J) two-tailed Mann-Whitney U

test: *p < 0.01, ***p < 0.001, ****p < 0.0001. Values

calculated from at least n = 12 animals. Significant

differences to controls are indicated by one-way

ANOVA, F = 51.6, *p < 0.05, ***p < 0.001, ****p <

0.0001.

They also operate as regulators of

innate immunity in respiratory epithelial

cells, especially in response to bacterial

stimuli (Seiler et al., 2013). FoxO factors

in general and FoxO1 especially appear

to be highly relevant for wound healing

processes, which is consistent with our

observations (Ponugoti et al., 2013). In

the Drosophila epidermis, reduced

FoxO signaling is important for effective

wound repair (Kakanj et al., 2016), whereas the results ob-

tained in murine models remain conflicting, showing better

wound healing by reduced FoxO signaling (Mori et al., 2014)

or exactly the opposite (Ponugoti et al., 2013). Deregulation

of FoxO1-mediated signaling in specific cell populations is

associated with various chronic inflammatory diseases (Wil-

helm et al., 2016), including rheumatoid arthritis (Grabiec

et al., 2015) and pulmonary hypertension (Savai et al.,

2014). We could also demonstrate that FoxO signaling, pre-

sumably in the airways, is necessary to cope with highly
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stressful conditions, such as severe hypoxia. Furthermore,

FoxO3A has been detected in its activated form in airway

epithelial cells of individuals with COPD, cystic fibrosis, or

ARDS (acute respiratory distress syndrome) pneumonia

(Seiler et al., 2013). In contrast, a different study found

reduced activated FoxO3A levels in airway epithelial cells

from individuals with COPD (Ganesan et al., 2013), further

supporting an important role of this FoxO factor in this

context, but also reveals our insufficient knowledge of the un-

derlying mechanisms.

Cellular sentinels such as FoxO always carry the risk of react-

ing inappropriately, especially when different stimuli act in a

temporally coordinated way. A certain level of JNK/FoxO activa-

tion/deregulation caused by chronic input can remain inconspic-

uous over a long time, but an additional stressor, such as an

infection, might cause activation above the threshold, leading

to remodeling of the airways (Broide, 2008; Cheng et al., 2007;

Hart et al., 1998; Holgate, 2007b). Taking into account this highly

important role of the JNK/FoxO axis for disease-associated re-

modeling processes, utilizing these signaling systems as inter-

vention targets in chronic lung diseases is an emerging but highly

promising field (Al-Tamari et al., 2018; Defnet et al., 2020; Eur-

lings et al., 2017; van der Velden et al., 2016).

Activation of epithelial Imd signaling in the fly induced sub-

stantial structural changes comprising epithelial hyper- and

metaplasia that resemble those observed in human inflamma-

tory lung diseases (Ganesan and Sajjan, 2013; Grainge and Da-

vies, 2013). Moreover, we demonstrated that these structural

changes do not depend on NF-kB signaling but are driven by

cell-autonomous JNK signaling and the activity of its down-

stream-acting transcription factor FoxO. Given the central role

of airway epithelial cells in controlling the pathophysiological

state of the airways in chronic inflammatory lung diseases, our

findings enhance the understanding of how chronic activation

of the airway innate immune system results in disease-associ-

ated structural changes. This perspective should lead to consid-

eration of treatment strategies that explicitly focus on the remod-

eling processes and, in particular, address the JNK-FoxO axis as

a pharmacological target.

Limitations of study
It has to be kept in mind that, although the Drosophilamodel has

many outstanding advantages for analysis of structural

changes in the respiratory tract, some important aspects of

airway remodeling in humans cannot be represented at all or

only insufficiently. These include, in particular, structural

changes that affect subepithelial parts of the airways, such as

submucosal collagen deposition, thickening of smooth mus-

cles, and angiogenesis. However, our main focus remains the

role of the epithelium in the pathogenesis of chronic inflamma-

tory lung diseases, which can be modeled perfectly with the fly.

Moreover, it should be considered that relevant signaling path-

ways, as characterized in this paper, take on different functions

in different contexts. This is especially true for experiments in

which developmental processes cannot be explicitly excluded.

For this reason, such studies should be conducted so that the

importance of development can be estimated or, better yet,

excluded.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit polyclonal anti JNK phospho

antibody (pTPpY)

Promega Cat # V7931 RRID:AB_430865

mouse polyclonal anti coracle Developmental Studies Hybridoma Bank Cat # SH30898 RRID:AB_1161642

rabbit IgG isotype control Thermo Fisher Scientific Cat # 02-6102 RRID:AB_2532938

rabbit polyclonal anti FoxO1a abcam Cat # ab39670 RRID:AB_732421

Alexa Fluor 488 goat polyclonal anti-mouse

IgG

Thermo Fisher Scientific Cat # A-11001 RRID:AB_2534069

Alexa Fluor 488 goat polyclonal anti-rabbit

IgG

Thermo Fisher Scientific Cat # A-11008 RRID:AB_143165

Experimental models: Organisms/strains

Drosophila melanogaster w1118 BDSC BDSC 3605 RRID:BDSC_3605

Drosophila melanogaster tubP-Gal80ts BDSC BDSC 7017 RRID:BDSC_7017

Drosophila melanogaster UAS-PGRP-LC BDSC BDSC 30919, BDSC 30918

RRID:BDSC_30919 RRID:BDSC_30918

Drosophila melanogaster UAS-PGRP-LE BDSC BDSC 33054 RRID:BDSC_33054

Drosophila melanogaster relE38 BDSC BDSC 9458 RRID:BDSC_9458

Drosophila melanogaster UAS-

gfp.valium10

BDSC BDSC 35786 RRID:BDSC_35786

Drosophila melanogaster UAS-basketRNAi BDSC BDSC 32977 RRID:BDSC_32977

Drosophila melanogaster UAS-basketDN BDSC BDSC 9311 RRID:BDSC_9311

Drosophila melanogaster prom-foxo-Gal4 DGRC DGRC 104412 RRID:DGGR_104412

Drosophila melanogaster UAS-foxo BDSC BDSC 9575 RRID:BDSC_9575

Drosophila melanogaster UAS-foxoRNAi BDSC BDSC 27656 RRID:BDSC_27656

Drosophila melanogaster UAS-gfp BDSC BDSC 32194 RRID:BDSC_32194

Drosophila melanogaster vvl-FLP/CyO, btl-

moe-mRFP

BDSC BDSC 64233 RRID:BDSC_64233

Drosophila melanogaster coinFLP-Gal4,

UAS-2XEGFP

BDSC BDSC 58751 RRID:BDSC_58751

Drosophila melanogaster GFP-balancer BDSC BDSC 4533 RRID:BDSC_4533

Drosophila melanogaster ppk4-Gal4 M. Welsh, Iowa, USA (Liu et al., 2003) N/A

Drosophila melanogaster btl-Gal4 C. Klämbt, M€unster, Germany N/A

Drosophila melanogaster UAS-PGRP-LE/

drosomycin-gfp

S. Kurata, Tohoku Univ. Japan (Takehana

et al., 2002)

N/A

Drosophila melanogaster UAS-relD S. Cherry, Univ. Pennsylvania, USA

(DiAngelo et al., 2009)

N/A

Drosophila melanogaster UAS-foxo-gfp Wagner et al., 2009 N/A

Drosophila melanogaster UAS-dl-gfp T. Ip, Univ. Massachussetts, Worcester,

USA

N/A

Drosophila melanogaster UAS-rel-yfp T. Ip, Univ. Massachussetts, Worcester,

USA

N/A

Drosophila melanogaster UAS-foxo-TM M. Tatar, Brown University, USA (Hwangbo

et al., 2004)

N/A

Drosophila melanogaster foxo21/21 E. Hafen, Zuerich, Switzerland (Junger et

al., 2003)

N/A

Drosophila melanogaster Sp(BL)/CyO;

TM2/TM6

T. Stork, Univ. Massachusetts, Worcester,

USA

N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Thomas

Roeder (troeder@zoologie.uni-kiel.de).

Materials availability
Fly lines generated in this study are available from the Lead contact.

Data and code availability
The published article includes all datasets generated or analyzed during the study, this study did not generate any unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental models: Drosophila

The following transgenic Drosophila strains used were supplied by the Bloomington Drosophila Stock Center (BDSC) or the Kyoto

Drosophila Genomics Resource Center (DGRC): w1118 (BDSC 3605), tubP-Gal80ts (BDSC 7017), UAS-PGRP-LC (BDSC 30919,

BDSC 30918), UAS-PGRP-LE (BDSC 33054), relE38 (BDSC 9458), UAS-gfp.valium10 (BDSC 35786), UAS-basketRNAi (BDSC

32977), UAS-basketDN (BDSC 9311), prom-foxo-Gal4 (DGRC 104412), UAS-foxo (BDSC 9575), UAS-foxo (BDSC 9575), UAS-fox-

oRNAi (BDSC 27656), UAS-gfp (BDSC 32194), vvl-FLP/CyO, btl-moe-mRFP (BDSC 64233), coinFLP-Gal4, UAS-2XEGFP (BDSC

58751), GFP-balancer strain (BDSC 4533).

Additionally, the following stocks used were provided by scientists of the Drosophila research community: ppk4-Gal4 (M. Welsh,

Iowa, USA; Liu et al., 2003), btl-Gal4 (C. Klämbt, M€unster, Germany), UAS-PGRP-LE/drosomycin-gfp (drs-gfp; S. Kurata, Tohoku

Univ. Japan; Takehana et al., 2002), UAS-relD (S. Cherry, Univ. Pennsylvania, USA; (DiAngelo et al., 2009), UAS-foxo-gfp (generated

by ourselves; Wagner et al., 2009), UAS-dl-gfp and UAS-rel-yfp (T. Ip, Univ. Massachussetts, Worcester, USA), UAS-foxo-TM (M.

Tatar, Brown University, USA; (Hwangbo et al., 2004)), foxo21/21 (E. Hafen, Zuerich, Switzerland; (Junger et al., 2003)), Sp(BL)/

CyO; TM2/TM6 (T. Stork, Univ. Massachusetts, Worcester, USA), btl-Gal4, tubP-Gal80ts, UAS-GFP (M. Leptin, Heidelberg, Ger-

many). If not described otherwise stocks and experimental flies were raised on standard cornmeal-agar medium at 25�C at a relative

humidity of at least 60% with a 12 h:12 h light/dark cycle.

Cross-breedings
To induce expression of either genes of interest or GFP fusion proteins in larval airways we used the binary Gal4/UAS expression

system (Brand and Perrimon, 1993). The tracheal TARGET system was established by generating a homozygous ppk4-Gal4(II)/

tubP-Gal80ts(III) or by using a btl-Gal4, tubP-Gal80ts, UAS-GFP strain (McGuire et al., 2003), that could be crossed with the

UAS-PGRP-LE/drosomycin-gfp (drs-gfp) strain. To generate the conventional Gal4/UAS and TARGET crossings, virgin females of

the Gal4 strain were collected, at 3 days of age they were crossed with 5-7 days old males of the UAS strain. Experiments were per-

formed with third instar (L3) larvae of the F1 generation, larvae were not sorted by gender.

To activate the TARGET system, larvae weremaintained at 18�C (restrictive temperature) until reaching the desired developmental

stage, then shifted to 28�C (permissive temperature) for at least 24 h. Animals permanently raised at 18�C served as controls.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila melanogaster btl-Gal4, tubP-

Gal80ts, UAS-GFP

M. Leptin, Heidelberg, Germany N/A

Experimental models: Cell lines

A549 DSMZ RRID: CVCL_0023

Software and algorithms

GraphPad Prism version 7.00 https://www.graphpad.com/

scientific-software/prism/

RRID: SCR_002798

cellSens Standard version 1.16 https://www.olympus-lifescience.com/en/

software/cellsens/

RRID: SCR_014551

Leica Application Suite Advanced

Fluorescence Software version 2.7.3.9723

https://www.leica-microsystems.com/

products/microscope-software/p/

leica-las-x-ls/

RRID: SCR_013673

ImageJ version 1.51j8 https://imagej.net/Welcome RRID: SCR_003070
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Before crossing to ppk4-Gal4, the UAS-relD strain, balanced over a CyO chromosome, was rebalanced to a GFP-balancer strain

(BDSC 4533) to visually identify third instar larvae carrying UAS-relD. UAS-PGRP-LE(II) was combined with UAS-gfp.valium10(III),

UAS-basketRNAi(III), or UAS-basketDN(III) by using themultiple balancer strains Sp(BL)/CyO; TM2/TM6 (T. Stork,Univ.Massachusetts,

Worcester, USA) to generate homozygous strains for (1) UAS-PGRP-LE(II); UAS-gfp.valium10(III); (2) UAS-PGRP-LE(II); UAS-basketR-

NAi(III), or (3) UAS-PGRP-LE(II); UAS-basketDN(III). The samemultiple balancer strains were used to generate the homozygous strains

for ppk4-Gal4(II), relE38(III); UAS-PGRP-LC (II), relE38 (III); UAS-foxo-gfp(II), UAS-PGRP-LC(III); ppk4-Gal4(II), UAS-basketDN(III); ppk4-

Gal4(II), UAS-basketRNAi(III); UAS-PGRP-LC(II), UAS-foxoRNAi(III), and UAS-PGRP-LC(II), foxo21/21(III).

The vvl-FLP/CyO; btl-moe.mRFP (BDSC 64233), tubP-Gal80ts andCoinFLP-Gal4, UAS-2xEGFP line was used for tracheal mosaic

analyses. Ventral veins lacking (vvl) was expressed in larval tracheal clones that covered approximately 30 to 80% of the trachea

((Bosch et al., 2015); (Chen and Krasnow, 2014)).The genotype of the mosaic driver is vvl-FLP, CoinFLP-Gal4, UAS-2xEGFP/CyO;

tub-Gal80ts (named vvl-coints). We crossed this driver line with UAS-PGRP-LC and the offspring (vvl-FLP, CoinFLP-Gal4, UAS-

2xEGFP; tubP-Gal80ts/UAS-PGRP-LC) were raised at 18�C until reaching the L2 larvae stage. Animals were then transferred to

28�C to activate the UAS-PGRP-LC expression. The control is vvl-FLP, CoinFLP-Gal4, UAS-2xEGFP/; tubP-Gal80ts larvae, made

by crossing vvl-coints with w1118.

Experimental models: Cell lines
Type II alveolar epithelial cells A549 were cultured in RPMI (Biochrom, Berlin, Germany) supplemented with 10% fetal calf serum,

100 U/ml penicillin, and 100 mg/ml streptomycin at 37�C with 5% CO2.

METHOD DETAILS

RNA extraction and quantitative RT-PCR analysis
For RNA isolation airways of surface-sterilized (5% sodium hypochloride), early third instar larvae were prepared manually in ice-cold

sodiumphosphate buffer saline (PBS). All adherent, non-tracheal tissue residualswere removed prior to purification. Between 20 and 25

pairs of airways were transferred to 350 mL lysis buffer (RA1) of the NucleoSpin RNA kit (Macherey-Nagel, Dueren, Germany). Airways

weremanually homogenized, andRNAwas extracted according to themanufacturer’s protocol, except that the incubation time for DNA

cleavagebyDNase Iwas extended to 30min.Due to the limited yield of total RNA, ethanol/sodiumacetate (final concentration 0.3M; pH

5.5) precipitation was used for concentration. The RNA pellet was dried and resuspended in 20 mL RNase-free water. The RNA quality

and quantitywere determinedon theNanodropND-1000UV/VIS spectrophotometer (VWR, Erlangen,Germany). CapFinder cDNA syn-

thesis (Schramm et al., 2000) was performed for 1 h at 42�C using a first strand cDNA synthesis kit (Invitrogen Superscript III, Thermo

Fisher Scientific/Life Technologies, Darmstadt, Germany) in a final volume of 10 mL as follows: 2 mL 5x first-strand buffer; 1 mL DTT

(100 mM), 0.2 mL MnCl2 (40 mM), 1 mL dNTPs (10 mM), 0.5 mL OligodT25 primer (10 pmoL/mL; 50-GAGAGAGGATCCAAGTACTAATAC

GACTCACTATAGGGAGAT25A/ C/G-30), 0.5 mL CapFinder primer (10 pmoL/mL, 50-AAGCAGTGGTATCAACGCAGAG TGGCCAT

TACGGCCrGrGrG-30), 0.25 mL RNase OUT (40 units/mL; Thermo Fisher Scientific/Life Technologies, Darmstadt, Germany), 0.5 mL

Superscript III (200 units/mL), 4 mL RNA (20-40 ng RNA). Subsequently, cDNA was amplified by LA-PCR (BD Biosciences Clontech

PCR System Heidelberg, Germany) with the following reaction mixture: 5 mL 10x Advantage PCR-Puffer; 8 mL dNTPs (10 mM), 1 mL

Oligo-dT7 primer (10 pmol/mL, 50-GAGAGAGGATCCAAGTACTAATACGACTCACTATAGG-30); 1 mL CapFinder PCR primer (10 pmol/

mL; 50-AAGCAGTGGTATCAACGCAG AGTGGCCATTACGGCCG-30); 0.5 mL polymerase mix, 1 mL cDNA, and 33.5 mL PCR-grade wa-

ter. LA-PCR was conducted under the following conditions: 30 cycles each with 95�C for 20 s, 58�C for 20 s, and 72�C for 2 min 30 s.

Amplified cDNA was purified according to the information supplied by the manufacturer (JETQUICK PCR Purification Spin Kit; Gen-

omed, Loehne, Germany) and the integrity and quality of the amplification products was checked by gel electrophoresis. Quantitative

PCR (qPCR)was carried outwith 1 mL amplified cDNA in 20 mL reaction volumeof TAQurateReal-time PCRMasterMix according to the

manufacturer’s instructions (Epicenter Technologies, Biozym Scientific GmbH, Hessisch Oldendorf, Germany). A reaction mixture

without cDNA served as negative control. Transcript levels were measured on a LightCycler 1.2 Instrument in 20 mL capillaries (Roche

Diagnostics, Mannheim, Germany). The PCR cycling parameters were as follows: 30 s at 95�C, followed by 40 cycles of 95�C for 10 s,

58�C for 15 s, and 72�C for 15 s. Data collectionwas enabled at the extension step (72�C). Themelting curve protocol followedwith 15 s

at 95�C and then 15 s each at 0.1�C increments between 62�C and 95�C. Data collection was enabled at each increment of the melting

curve. Amplification and melting curves were generated by the LightCyler software version 3.5 (Roche Diagnostics, Mannheim, Ger-

many). All samples were analyzed in duplicates/ triplicates, averaged and normalized against the housekeeping gene actin 42A or

rpl32. Relative gene expression values were calculated by using the DDCT-method (Pfaffl, 2001) and indicated in Figures 1A and 4B

as n-fold expression differences compared to controls. At least three independent experiments were performed. The following primers

were used: attA: 50-CACAATGTGGTGGGTCAGG-30, 50-GGCACCATGACCAGCATT-30; cecC: 50-AAGATCTTCGTTTTCGTCGC-30, 50-
GTTGCGCAATTCCCAGTC-30; def: 50-GCTATCGCTTTTGCTCTGCT-30, 50-GCCGCCTTTGAACCCCTTGG-30; dipt: 50-GCAATCGCT
TCTACTTTGGC-30, 50-TAGGTGCTTCCCACTTTCCA-30; dro: 50- GTTCACCATCGTTTTCCTGC-30, 50-GGCAGCTTGAGTCAGG

TGAT-30; drs: 50-GAGGAGGGACGCTCCAGT-30, 50-TTAGCATCCTTCGCACCAG-30; mtch: 50-CCACCGAGCTAAGATGCAA-30, 50-
TGTTAACGACATCAGCAGTGTG-30; act42A: 50-TCGAAGCAAGAGTACGACGA-30, 50-CAATGGGTGTGTTCGATGAG-30. rpl32: 50-
CCAGTCGGATCGATATGCTAA-30, 50-GTTCGATCCGTAACCGATGT-30.

e3 Cell Reports 35, 108956, April 6, 2021

Article
ll

OPEN ACCESS



Measuring the number of terminal branches in Drosophila larvae
Third instar larvae were washed in PBS to remove remaining medium, before drying on a paper towel and transferring them into a

drop of glycerol to glass slides. To kill the larvae, glass slides were incubated on a heating block with a temperature of 70�C for

20-30 s. Larvae were oriented with the dorsal side up and were covered with a coverslip. Images of the terminal branches were docu-

mented in the DIC channel of the Axio Imager.Z1 with Apo Tome (Zeiss, Oberkochen, Germany) using a 20x objective. To capture all

terminal branches, Z stacks were generated. For the measurement, only terminal branches from the third dorsal segment were cho-

sen. The numbers of terminal branches were counted using the AxioVision software (AxioVision SE64 Rel. 4.9, Zeiss, Oberkochen,

Germany).

Measuring epithelial thickness, size, and number of nuclei in tracheal specimen
Epithelial thicknesses, nuclear sizes and numbers were measured in dorsal trunks, and primary and secondary branches of the

seventh abdominal segment (A7). For this purpose, airways from third instar larvae were dissected andmounted in Roti�-Mount Flu-

orCare DAPI (Carl Roth, Karlsruhe, Germany) or in ibidi Mounting Medium (ibidi, Planegg, Germany) mixed with ProLong Diamond

Antifade Mountant with DAPI in a ratio of 1:1 (Thermo Fisher Scientific, Erlangen, Germany). Transmitted light images were taken

with the SZX16 stereomicroscope (Olympus, Hamburg, Germany) using the SDFPLAPO2xPFC objective. Fluorescence images of

DAPI-stained nuclei (blue) were made with the SZX2-FUV filter and the X-Cite 120 Iris UV lamp. The cellSens Standard software

1.16 (Olympus, Hamburg, Germany) or the AxioVision software (AxioVision SE64 Rel. 4.9, Zeiss, Oberkochen, Germany) were

used to measure epithelial thicknesses, sizes and numbers of nuclei.

Immobilization of larvae and in vivo imaging of airways and hypoxia treatment of adult flies
In vivo analyses were performedwith second and third instar larvae. Animals werewashed in sodiumphosphate buffer saline (1xPBS)

at room temperature to remove remaining medium, placed in a drop of ibidi Mounting Medium (ibidi, Planegg, Germany) on a glass

slide with the dorsal side up and covered with a coverslip. Glass slides were cooled down on a refrigerated block to physically immo-

bilize the larvae and images were taken immediately to prevent cold stress. Nuclear translocation of FoxO-GFP, Dorsal-GFP, Relish-

YFP, andGFP expression in prom-foxo-Gal4 x UAS-gfp larvaewere analyzed under the SZX16 fluorescence stereomicroscope using

SDF PLANAPO 1xPF/ 2xPFC objectives and the fluorescence filter SZX2-FGFP. Fluorescence images were taken by the DP72 cam-

era and edited using the cellSens standard software 1.16 (Olympus, Hamburg, Germany). For stress tests early 3rd instar larvae were

used. Temperature experiments were performed within medium. Animals subjected to cold shock were incubated at 4� for 2 h in

medium.

Resistance toward severe hypoxia was tested in groups of 10 adults (5-7 days old) of controls (yw) and foxo21/21. Animals were

subjected for 24h to 1% O2 and their survival was quantified 1 day later.

Preparation, fixation, and staining for imaging of tracheal cross sections by TEM
Ripped early third instar larvae were fixed simultaneously with 1.5% glutaraldehyde and 2% osmium tetroxide in 0.1 M sodium ca-

codylate buffer for 90 min on ice (chemicals were provided by Serva Electrophoresis GmbH, Heidelberg, Germany; Sigma-Aldrich,

Chemie GmbH, Taufkirchen, Germany and ChemPur, Karlsruhe, Germany). After rinsing with 0.1 M sodium cacodylate buffer, sam-

ples were post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 h, rinsed in the same buffer (4 3 5 min),

washed in distilled water (2 3 5 min), and stained overnight en bloc in half-saturated uranyl acetate (Merck, Darmstadt, Germany).

After rinsing with distilled water (4 3 5 min), samples were dehydrated through an ascending series of acetone (Carl Roth GmbH,

Karlsruhe, Germany) (70%, 90%, 100% for each concentration; two times for 10 min), transferred into a 1:1-mixture of acetone

and Araldite� (Serva Electrophoresis GmbH, Heidelberg, Germany) for 1 h, and then transferred into pure Araldite� overnight. After

transfer into fresh resin, samples were polymerized at +60�C for 3 days. Ultrathin sections were cut on an Ultracut E (Reichart-Jung,

Wien, Austria), collected on formvar-coated nickel grids, stainedwith lead citrate (Merck, Darmstadt, Germany), and analyzed using a

Zeiss EM 900 (Zeiss, Oberkochen, Germany). Electron microscopy was performed as described earlier (Fehrenbach, 1995).

Preparation, fixation, and immunofluorescence staining for imaging of larval and adult airways
Early third instar larvae were washed first in PBS and then in 70% ethanol at room temperature, before they were placed in a block

dish containing PBS. Larvaewere opened longitudinally, the airways were exposed and all surrounding organs removed. For analysis

of the adult tracheal system, the abdomen of adult flies was opened, and the majority of tissues was removed. Tissues were fixed in

3.5% paraformaldehyde (dissolved in PBS) at room temperature for 10 min, followed by washing in PBS. For immunostaining, sam-

ples were permeabilized with PBS/0.1% Triton X-100 and incubated with PBS/0.1% Triton X-100/10% normal goat serum (heat in-

activated) for 30 min to block non-specific binding sites. The tissue was then incubated overnight with primary antibody solved in

PBS/0.1% Triton X-100/10% NGS at 4�C. To visualize the airway epithelial cell-cell boundaries, exposed airways were stained for

the septate junction marker coracle using the polyclonal mouse anti-coracle antibody (Developmental Studies Hybridoma Bank,

Iowa, USA) in a dilution of 1:200. For the identification of JNK activation in the larval airway epithelium, polyclonal rabbit anti-JNK

phospho-antibody (pTPpY) (Promega, Madison, USA; immunogenic sequence is 100% identical to D. melanogaster bsk/JNK) in a

dilution of 1:100 was used. As isotype control, rabbit IgG isotype control (Thermo Fisher Scientific, Rockford, USA) was used in a

dilution of 1:100. After primary antibody incubation, tissue was washed in PBS/0.1% Triton X-100 and incubated with secondary
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antibodies Alexa Fluor� 488 goat anti-mouse IgG or Alexa Fluor� 488 goat anti-rabbit IgG (Thermo Fisher Scientific/Invitrogen,

Karlsruhe, Germany) in a dilution of 1:300 (dissolved in PBS/0.1% Triton X-100) at room temperature for 1 h. Samples were washed

twice in PBS/0.1% Triton X-100, then washed and stored in PBS. Airways were dissected in PBS, transferred to glass slides,

embedded in mounting medium (a 1:1 mixture of ibidi Mounting Medium (ibidi, Planegg, Germany and ProLong Diamond Antifade

Mountant with DAPI (Thermo Fisher Scientific, Erlangen, Germany), and sealed with a coverslip.

Tracheal specimens stained for coracle and DAPI were investigated using a TCS SP5 inverted confocal laser scanningmicroscope

equippedwith a 63x/1.32 HCX plan apochromat oil objective and argon and 405 diode lasers (Leica,Wetzlar, Germany). Imageswere

edited using the LAS AF software. Airways, stained with the anti-pJNK antibody, were analyzed using a SZX16 fluorescence stereo-

microscope with a DP72 camera, 2xPFC objective and fluorescence filters SZX2-FUV, SZX2-FGFP and SZX2-FGFPA (Olympus,

Hamburg, Germany). Images were processed with the cellSens standard software (Olympus, Hamburg, Germany).

Preparation, fixation, and immunofluorescence staining for imaging of human A549 cells
Type II alveolar epithelial cells A549 were cultured in RPMI (Biochrom, Berlin, Germany) supplemented with 10% fetal calf serum,

100U/ml penicillin, and 100 mg/ml streptomycin at 37�Cwith 5%CO2. Stress experiments were performed in m-Slides (8well ibiTreat,

Ibidi, Martinsried, Germany) with 1.0x104 cells per well, cells adhered to the slides for 24 h. Stress conditions were performed for two

hours in supplemented medium at 4�C. Immediately afterward, cells were fixed with 3% paraformaldehyde, permeabilized with

0.25% Triton-X/PBS, blocked with 10% BSA/PBS and incubated with the primary antibody anti-FoxO1A antibody (rabbit polyclonal

ChIP Grade, abcam, Cambridge, UK) and the secondary antibody Alexa Fluor� 488 goat anti-mouse IgG (Invitrogen, Karlsruhe, Ger-

many). Nuclei were stainedwith BisbenzimideH 33342 (Sigma-Aldrich, Deisenhofen, Germany). Imageswere takenwith the TCSSp5

inverted confocal laser scanning microscope and a 20x/0.70HC plan apochromatic oil-objective (Leica, Wetzlar, Germany). Images

were edited using the Leica LAS AF Lite software and ImageJ software (Wayne Rasband, NIH) for quantitative analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were repeated at least three times. Unpaired t test followed by Holm multiple comparison testing, two-tailed Mann

Whitney U test, and one-way ANOVAwere used to determine statistical significance. Statistical details for individual experiments can

be found in the figure legends, the exact values of n are also indicated within the figures. Prism 7 (GraphPad) was used for graph

editing and the statistical analyses, cellSens Standard 1.16 Software Olympus and Leica Application Suite Advanced Fluorescence

Software (version 2.7.3.9723) Leica were used to take and edit photographs, image processing was done using ImageJ (version

1.51j8) software.
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