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Lymphotoxin B-receptor (LTPR) signalling promotes lymphoid neogenesis and the
development of tertiary lymphoid structures? which are associated with severe
chronicinflammatory diseases that span several organ systems> ¢, How LTBR
signalling drives chronic tissue damage particularly in the lung, the mechanism(s)
that regulate this process, and whether LTBR blockade might be of therapeutic value
have remained unclear. Here we demonstrate increased expression of LTBR ligands in
adaptive and innate immune cells, enhanced non-canonical NF-kB signalling, and
enriched LTPR target gene expression in lung epithelial cells from patients with
smoking-associated chronic obstructive pulmonary disease (COPD) and from mice
chronically exposed to cigarette smoke. Therapeutic inhibition of LTBR signalling in
young and aged mice disrupted smoking-related inducible bronchus-associated
lymphoid tissue, induced regeneration of lung tissue, and reverted airway fibrosis and
systemic muscle wasting. Mechanistically, blockade of LTBR signalling dampened
epithelial non-canonical activation of NF-kB, reduced TGFf signalling in airways, and
induced regeneration by preventing epithelial cell death and activating
WNT/B-catenin signalling in alveolar epithelial progenitor cells. These findings
suggest that inhibition of LTR signalling represents a viable therapeutic option that
combines prevention of tertiary lymphoid structures' and inhibition of apoptosis
with tissue-regenerative strategies.

Endogenous regenerative mechanisms of the lung are severely com-
promised in chronic obstructive pulmonary disease (COPD), the third
leading cause of death worldwide’ with limited therapeutic options®.
Consequently, the identification and therapeutic use of endogenous
regenerative mechanisms is an important paradigm shift in our under-
standing and potential treatment of COPD®. Notably, immune cells that
infiltrate thelungin COPD are organized intotertiary lymphoid structures
knownasinducible bronchus-associated lymphoid tissue (iBALT), which
are observed during destruction of lung tissue (emphysema) in both
humans*°*2 and mice™". Formation of iBALT requires the interaction
of the lymphotoxin 3-receptor (LTBR) on stromal organizer cells with
TNF superfamily members lymphotoxin-a (LTa) and LTB"?, expressed by
activated lymphocytes during chronic inflammation’>*, Stimulation of
LTBR subsequently triggers downstream non-canonical NF-kB signalling
viatheactivation of NF-kB-inducing kinase (NIK)'"'8, However, the role of
LTPRsignallinginthe development of lung tissue injury remains unknown.

Analysis of lung samples from patients with COPD revealed increased
expression of signalling molecules LTA, TNFSF14 (also known as LIGHT)
and TNF, and downstream chemokines CCL2, CXCL8 and CXCL13(Fig.1a),
mediated throughincreased nuclear translocation of NF-kB-associated
transcription factors RELA and RELBin lung epithelium (Extended Data
Fig.1a, b). To validate these findings, we performed gene set enrich-
ment analysis (GSEA) of lung transcriptomic data from patients with
COPD (GSE47460 and GSE37768). Analysis showed the enrichment
of both LTBR and TNF receptor signalling pathways, together with
enhanced IKK-dependent canonical and NIK-dependent non-canonical
NF-kB signalling in COPD lungs (Extended Data Fig. 1c, d). Notably,
similar enrichment was also found in peripheral blood mononuclear
cells (PBMCs) from patients with COPD (GSE56768) (Extended Data
Fig. 1e). Similarly, mice chronically exposed to cigarette smoke for
sixmonths displayed increased mRNA expression of Lta, Tnf, Cc[2and
Cxcl13in lung tissue (Extended Data Fig. 1f). Furthermore, GSEA of

Alist of affiliations appears at the end of the paper.
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our transcriptomics dataset (GSE52509) demonstrated enrichment
of LTBR, TNFR and both canonical and non-canonical NF-«B signal-
ling pathways in lungs of mice exposed to cigarette smoke (Extended
Data Fig. 1g), accompanied by increased protein levels of RELB, p100
andits cleaved product p52 (Extended Data Fig. 1h). Next, we analysed
whether inhibition of LTPR signalling might impair iBALT formation
by applying distinct treatment strategies using a LTBR-Ig fusion pro-
tein'*?® (Extended Data Fig. 1i). Exposure to cigarette smoke resulted
inthe development of iBALT, composed predominantly of organized
B cell and T cell clusters as early as 4 months (Fig. 1b), reminiscent to
thatobserved in patients with COPD (Fig.1c). LTBR-Ig treatment, in the
presence of cigarette smoke, led to considerably reduced iBALT for-
mationwith dispersed immune cells (Fig. 1b, d, Extended Data Fig. 1j),
accompanied by areduction of the LTBR signalling downstreamtargets
Cxcli3 and Ccl19 (Extended Data Fig. 1k). The effect of LTBR-Ig treat-
ment was specific to areduction in iBALT incidence, as multicolour
flow cytometric analysis of adaptive immune cells revealed no sig-
nificant effect on their abundance or activation status (Extended Data
Fig.2a-c).Furthermore, macrophages were not significantly reduced
inthelungs of mice exposed to cigarette smoke plus LTBR-Ig compared
with those exposed to cigarette smoke plus Ig (Extended Data Fig. 2d,
e). Multiplex immunofluorescence analysis suggested only subtle
differences in myeloid populations after LTBR-Ig treatment, a trend
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Fig.1|LTBR-signallingis activatedin COPD and inhibitiondisruptsiBALT
inthelungs of mice exposed to cigarette smoke.a, mRNA expression of
genes determined by qPCRin lung core biopsies from healthy participants
(n=11) and patients with COPD (n=32).FC, fold change. b, Representative
images ofimmunohistochemical analysis for B220* B cellsand CD3* T cells
(brownsignal, arrows, nuclei counterstained with haematoxylin) in lung
sections from B6 mice exposed to filtered air (FA) or cigarette smoke (CS) for 4
or 6 months, plus LTBR-Ig or controlIg prophylactically from 2 to 4 months (CS
+LTPBR-Ig4m) and therapeutically from 4 to 6 months (CS+LTBR-Ig6m) (n=4
mice per group, repeated twice). See Extended Data Fig. 1i. Scale bar,200 pm.
¢, Representative lung sections from patients with COPD stained for CD20*B
cellsand CD3" T cells (brown signal, arrows, nuclei counterstained with
haematoxylin; n=4).Scalebar,200 pm. d, Quantification of lung iBALT from
mice describedinb, as meaniBALT number per airway and volume of iBALT
normalized tosurfaceareaof airway basement membrane (BM). Dataare
mean +s.d. (n=4mice per group, repeated twice). Proph., prophylactic; Ther.,
therapeutic. e-g, Cells from whole lung suspensions of B6 mice exposed to
filtered air (n=3) or cigarette smoke for 6 months, plus LTBR-Ig (n=>5) or
controllg (n=5) therapeutically, were analysed at 6 months by scRNA-seq
(Drop-Seq). e, UMAP of scRNA-seq profiles (dots) coloured by cell type. DC,
dendritic cells; EC, endothelial cells; CEC, circulating endothelial cells; LEC,
lymphatic endothelial cells; NK cells, natural killer cells; SMC, smooth muscle
cells. f, Uniform manifold approximation and projection (UMAP) plots showing
expression of genesindicated in scRNA-seq profiles. g, Box and whiskers plot
(boxedges denote 25th-75th percentile, horizontal lines denotes medianand
whiskersrepresent +1.5 times the interquartile range (IQR)) showing relative
score for positive regulation of NIK (non-canonical) NF-kB signalling pathway
(GO:1901224) inindicated cells. Pvalues were determined by one-sided Mann-
Whitney test (a), one-way analysis of variance (ANOVA) with multiple
comparisons Bonferronitest (d) or Wilcoxon rank-sum test on normalized,
log-transformed count values and corrected with Benjamini-Hochberg (g).

towards reductionwas found iniNOS* IBA1* macrophages after thera-
peutic LTBR-Ig treatment (Extended Data Fig. 2f, g). Multicolour flow
cytometric analysis of interstitial macrophages in particular showed
that both the abundance and the expression of inflammatory CD86"
and immune-modulatory CD206* macrophage populations induced
by cigarette smoke exposure were not reduced after treatment with
LTBR-Ig (Extended Data Fig. 2h-I).

To further determine the cellular and molecular consequences
of LTBR inhibition, we investigated single-cell RNA sequencing
(scRNA-seq) together with bulk transcriptomic and proteomic analy-
ses. We grouped single-cell transcriptomes from whole mouse lung
tissue into 24 cell identities and observed cell type-specific changes
after cigarette smoke exposure and LTBR-Ig treatment (Fig. le,
Extended DataFig.3a-d). Expression of Lta and Ltb localized mainly
toBandT cells, Tnfsf14 (an alternative LTBR ligand) localized to T cells
and granulocytes, whereas Tnf was expressed by all leucocytes in
the lung (Fig. 1f). Expression of Ltb but not Tnf was reduced after
LTPR-Ig treatment (Extended Data Fig. 3d), which was validated
by cellular localization with in situ hybridization and immunohis-
tochemistry (Extended Data Fig. 4a-e). Concomitant with disease
progression cigarette smoke strongly induced a positive regulation
of NIK-dependent non-canonical NF-kB signalling in alveolar epithe-
lial type 2 (AT2) cells, which was significantly reduced after LTBR-Ig
treatment (Fig. 1g, Extended Data Fig. 3e-g). We found high levels
of Ltbr mRNA expression in AT2 cells (Fig. 1f), which indicates that
NIK-dependent NF-kB-signalling in AT2 cells can be triggered by LTBR
activation. By contrast, expression of Hvem (also known as Tnfrsf14),
an additional receptor for Tnfsfi14, was hardly detectable in lung tis-
sue (Fig. 1f).

Bulk level principle component analyses revealed a distinct change
in the lung transcriptome (Extended Data Fig. 5a) and proteome
(Extended Data Fig. 5b) of mice treated with cigarette smoke and
either LTBR-Ig or Ig, with non-canonical NF-kB targets Cxcl13 and



Ccl19 to be among the most downregulated after treatment with
LTBR-Ig (Extended Data Fig. 5c). GSEA confirmed NIK-associated
non-canonical NF-kB signalling to be reversed by LTBR-Ig treatment
at transcriptomic and proteomic level (Extended Data Fig. 5d-f).
LTBR-Ig treatment reduced cigarette-smoke-induced increases in
nuclear translocation of RELB in lung epithelial cells (Extended Data
Fig.5g, h). By contrast, nuclear translocation of RELA in lung epithelial
cells was not affected by LTBR-Ig treatment (Extended Data Fig. 5i, j),
along with canonical NF-kB regulated genes Ccl2, Ccl3, Cxcll and Tnf
(Extended Data Fig. 5k). Moreover, we demonstrated the clinical rel-
evance of these findings by modelling COPD inflammation in human
precision-cut lungslices (PCLS) ex vivo?* Lipopolysaccharide (LPS)
stimulation resulted in increased expression of LTA, TNF and CXCL13,
and treatment with human LTBR-Ig reversed the increase in LTA and
CXCL13butnot canonical NF-kB-regulated TNF (Extended Data Fig. 5l).
These data indicate that disruption of the LTBR signalling pathway
reverses cigarette-smoke-induced iBALT formation and modulates
non-canonical NF-kB signalling in lung tissue.

We next assessed whether reduction in LTBR signalling and diminu-
tion of iBALT affected cigarette-smoke-associated lung pathogenesis.
Quantitative morphological analyses of lung tissue damage (Fig. 2a)
for airspace enlargement and alveolar surface density revealed that
cigarette-smoke-induced emphysema was prevented by prophy-
lactic LTBR-Ig treatment (Fig. 2b). Therapeutic treatment starting
from 4 months, a time point at which airspace damage was already
fully established in mice™, led to full restoration of lung tissue—even
under concomitant exposure to cigarette smoke (Fig. 2b). Further-
more, quantification of collagen deposition around the airways,
particularly the accumulation of collagen I, revealed that LTBR-Ig
treatmentis protective in the prophylactic group (Fig. 2c, d, Extended
DataFig. 6a—-c) and induced regression of cigarette-smoke-mediated
airway-remodellinginthe therapeuticgroup (Fig. 2¢c, d, Extended Data
Fig. 6a—c). Airway-remodelling processes are mediated via TGF[3 sig-
nalling, propagated by phosphorylation of the receptor-regulated
SMAD proteins?. Inline, staining for phosphorylated SMAD2 revealed
highlevelsin airway epithelial cells of cigarette-smoke-exposed mice,
which was strongly reduced after LTBR-Ig (Extended Data Fig. 6d).
Notably, levels of active TGF in the bronchoalveolar lavage (BAL) fluid
increased after cigarette-smoke exposure (Fig. 2e), and was reversed
after therapeutic LTBR-Ig treatment.

COPD is further characterized by comorbidities, most promi-
nently muscle wasting?*. Thus, we analysed the systemic responses
to therapeutic LTBR-Ig treatment in mice. Transcriptomic analysis of
the gastrocnemius muscle suggested that cigarette-smoke-induced
modulation of Ppargcla and Mcat®* was reversed after LTBR-Ig treat-
ment (Extended DataFig. 6e). Furthermore, afunctional 4-paw muscle
strength test revealed a significant deficit in mice after 6 months of
exposure to cigarette smoke, and this could be fully reversed after
LTBR-Ig treatment (Extended Data Fig. 6f).

We have previously shown that aged mice are predisposed to earlier
development of cigarette-smoke-induced airway remodelling and
emphysemaviaiBALT drivenimmune-ageing”. To determine whether
findings of this study are age-independent, we exposed aged mice
(12 months) to cigarette smoke for 4 months, combined with therapeu-
tic LTBR-Ig treatment under cigarette smoke for 2 months (Extended
DataFig. 6g). Cigarette smoke-induced iBALT, emphysema and airway
remodelling were also prevented by LTBR--Ig treatment in aged mice
(Fig. 2f, g, Extended Data Fig. 6h), which indicates that our findings
are age-independent.

We next asked whether the therapeutic effect of LTBR-Ig on chronic
smoking-associated lung tissue is directly related to the blocking of
LTBR signalling. To address this, we examined the effect of LTBR-Ig
treatmentin the porcine pancreatic elastase (PPE)-induced emphysema
model (Extended DataFig.7a),aLTBR-signallingand iBALT-independent
mouse model (Extended Data Fig. 7b, c). We observed no detectable
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Fig.2|LTBR-Igreverses emphysemainyoungand aged mice chronically
exposed tocigarette smoke. a, Representative images of haematoxylinand
eosin (H&E)-stained lung sections from B6 mice exposed to filtered air or
cigarette smoke for 4 or 6 months, plus LTBR-Ig or control Ig prophylactically
from2to4 months, analysed at4 months, and therapeutically from 4 to

6 months, analysed at 6 months (n=6 mice FA, 5 mice CS+Ig, 6 mice CS+LTPR-Ig
groups, repeated twice). Scale bar, 100 um. See Extended Data Fig. 1i.

b, Quantification of airspace enlargement as mean chord length and alveolar
surfaceareainlungsections frommiceina (n=6 mice FA, 5 mice CS+Ig, 6 mice
CS+LTBR-Iggroups, repeated twice. ¢, Representative images of lung sections
stained with Masson’s Trichrome from miceina (n=5mice FA, 5 mice CS+lg, 5
mice CS+LTBR-Iggroups, repeated twice). Scale bar, 25 um.d, Quantification of
airway collagen deposition normalized to surface area of airway basement
membrane fromsectionsinc(n=5mice FA, 5mice CS+lg, 5mice CS+LTBR-Ig
groups, repeated twice). e, Levels of TGF3 determined by ELISA in BAL fluid of
mice describedina (n=4 mice FA, 4 mice CS+lg, 4 mice CS+LTPBR-Iggroups,
repeated twice). f, Representativeimages of H&E and Masson’s Trichrome-
stained lung sections from 12-month-old B6 mice exposed to filtered air or
cigarette smoke for 4 months, plus LTBR-Ig or controlIg from 2 to 4 months
and analysed at4 months (n=5mice FA, 5mice CS+Ig, 8 mice CS+LTBR-Ig
groups, repeated twice). See Extended Data Fig. 6g. g, Quantification of lung
iBALT as volume of iBALT normalized to surface area of airway basement
membrane, quantification of airspace enlargement as mean chord length,
fromH&E sectionsinf, and quantification of airway collagen deposition
normalized to surface area of airway basement membrane from Masson’s
Trichromesectionsinf(n=5mice FA, 5 mice CS+lg, 8 mice CS+LTPR-Iggroups,
repeated twice). Dataare mean +s.d. Pvalues determined by one-way ANOVA
multiple comparisons Bonferroni test.

increase in mRNA expression of Lta, Ltb or Tnfsfl4 (Extended Data
Fig. 7b, e) or PPE-induced nuclear localization of RELA and RELB in
lung epithelial cells (Extended Data Fig. 7f). In contrast to the cigarette
smoke model, the PPE model displayed lower amounts of lympho-
cytes in BAL fluid (Extended Data Fig. 7d). Histological analyses of
lung sections (Extended Data Fig. 7g, h) and analysis of lung function
(Extended Data Fig. 7i, j) showed that LTBR-Ig treatment could not
reverse elastase-induced emphysema. This confirmed that LTBR-signal
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Fig.3|Blocking LTBR induces WNT/B-cateninsignallinginalveolar
epithelial cells. a, Heat map of mRNA abundance of WNT signalling pathway
genes determined by quantitative PCR with reverse transcription (RT-qPCR)
fromlungs of mice indicated at 6 months. b, Representative images of
immunohistochemical analysis for TCF4 and AXIN2in lung sections from B6
mice treated asindicated (n=4 mice per group; brown signal, arrows, nuclei
counterstained with haematoxylin). Scale bar, 25 pm. ¢, Quantification of
alveolar epithelial cells positive for TCF4 and AXIN2 from b.d, Normalized
log-transformed expressionlevels of Tcf4and Axin2in AT2 cells following
scRNA-seq analysis of cells from whole lung suspensions of B6 mice exposed to
filtered air (FA, n=3) or cigarette smoke (CS) for 6 months, plus LTBR-Ig (n=5)
or controllg (n=>5) therapeutically. e, mMRNA expression levels of Axin2relative
to Hprt,in primary mouse AT2 cells with LTBR-Ag (2 pg mI™) for 24 hwith or
without WNT3A (100 ng ml™) (n=5independent experiments). f, mMRNA
expression levels of AXIN2relative to HPRT (normalized to vehicle (Veh.)) in
A549 (human AT2) cell line with human LTBR-Ag (0.5 pg ml™) for 24h with or
without WNT3A (100 ng ml™) and GSK-3B inhibitor (CHIR99021,1uM) (n=5
independent experiments). g, WNT/B-catenin luciferase reporter activity in

blockade is specifically relevant to iBALT-mediated, LTBR-signalling
induced emphysema.

Next, we aimed atidentifying how blocking LTBR signalling promotes
endogenous lung regeneration in emphysema. NIK is necessary for
the activation of caspase-8 and subsequent downstream activation
of caspase-3, by promoting the assembly of the RIP1/FADD/caspase-8
death complex after TNFR1 and lymphotoxin stimulation®, Indeed,
lungtissue sections from patients with COPD demonstrated increased
cleaved caspase-3-positive alveolar epithelial cells (Extended Data
Fig. 8a, b). Furthermore, GSEA of lung tissue from patients with
COPD and mice exposed to cigarette smoke showed enrichment of
the apoptotic signature, which was reversed by LTBR-Ig treatment in
mice (Extended DataFig. 8c, d), and in AT2 epithelial cells as identified
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the mouse AT2 cell line MLE12, activated with CHIR99021 (1 uM) with or
without LTBR-Ag (2 pg mI™) or rTNF (1ng mI™) for 24 h (n=3, representative of 5
independent experiments). h, Western blot analysis for 3-cateninin MLE12
cellswithLTBR-Ag (2 pg ml™) for 24 hwith or without rWNT3A (100 ngml™).
Quantificationrelative toactin (n=3independent experiments). For gel source
data, see Supplementary Fig.1.i, Western blot analysis for 3-cateninand p52in
MLE12 cells with rWNT3A (200 ng ml™) and LTBR-Ag (2 ug mI™) for 30 hafter2h
pre-treatment with NIK kinase specific inhibitor (CMP1,1puM). Quantification
relative to tubulin (n=3independent experiments). For gel source data, see
Supplementary Fig.1.j, mRNA expression level of AXIN2relative to HPRT, in ex
vivo human precision-cut lungslices stimulated for 24 hwith rTNF (20 ng ml™)
orhumanLTBR-Ag (2 pg ml™) (n=5slices fromindividual lungs). Dataare

mean £s.d. (c, g-i), box and whiskers plots (box edges 25th-75th percentile,
medianlineindicated and whiskers representing +1.5 x IQR) (d), individual
lungs (e, j), or individual experiments (f). Pvalues determined by one-way
ANOVA multiple comparisons Bonferroni test (g), two-sided Wilcoxon
rank-sum test corrected with Benjamini-Hochberg (d), paired Student’s
two-tailed t-test (e, f, j), or Student’s two-tailed t-test (c, h, i).

by scRNA-seq (Extended Data Fig. 8e). This was confirmed by GSEA
of whole lung proteome (Extended Data Fig. 8f, g), and by cleaved
caspase-3 in both lung sections and lung lysates (Extended Data
Fig. 8h, i). To examine LTBR signalling in lung epithelial apoptosis,
we stimulated mouse lung epithelial cells with a LTBR agonistic anti-
body (LTBR-Ag) and/or TNF (Extended Data Fig. 8j, k). Maximum cell
death was achieved by acombination of both, which was significantly
reduced by inhibition of RIP1kinase with necrostatin-1 (Extended Data
Fig. 8j, k). We validated that cell death was caspase-dependent, as it
was completely abrogated in the presence of the pan-caspase inhibitor
Z-Val-Ala-DL-Asp-fluoromethylketone (z-VAD-FMK) (Extended Data
Fig. 81). Notably, blocking apoptosis enabled partial wound regenera-
tionin vitro (Extended Data Fig. 8m, n).
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Fig.4|Blocking WNT/B-cateninsignalling reverses LTBR-Ig-induced
regeneration.a-c,B6 mice were exposed tofiltered air (n=5) or cigarette
smoke for 6 months plus controllg (n=5), LTBR-Ig (80 pgintraperitoneally,
weekly, n=5), LTBR-Ig plus 3-catenin/CBP inhibitor PRI-724 (0.6 mg
intraperitoneally, twice weekly, n=6) or CHIR99021 (0.75 mgintraperitoneally,
weekly, n=5) from4 to 6 months, and analysed at 6 months. See Extended Data
Fig.10a.a, Lung mRNA expression levels of genes relative to Hprt determined
by qPCR. b, Representative images of H&E-stained lung sections, and
quantification of airspace enlargement as mean chord length. Scale bar,

However, the mechanisms by which blocking LT[R signalling pro-
moteslungregeneration (Fig.2b, g) remained unclear. The developmen-
tal WNT/B-cateninsignalling pathway is essential for lung development
and homeostasis of progenitor AT2 stem-cell function??°, Our previ-
ous studies have demonstrated reduced WNT/B-catenin signalling in
COPD and haveindicated that activation of WNT/[B-catenin signalling
can induce lung repair??. In agreement, GSEA analysis of lung tissue
transcriptomics (GSE47460) confirmed dampened WNT/-catenin
signalling and reduced 3-catenin/TCF transcription factor complex
assembly in lungtissue from patients with COPD, resulting in reduced
AXIN2 expression (Extended DataFig.9a,b). Asimilar pattern was found
in lungs of mice exposed to cigarette smoke plus Ig control (Fig. 3a,
Extended Data Fig. 9a). Notably, these transcriptional changes were
significantly reversed by treatment with LTBR-Ig (Fig. 3a, Extended Data
Fig.9a): by combiningimmunostainings for the WNT/[-catenin target
genes TCF4 and AXIN2 (Fig. 3b, ¢), and scRNA-seq analysis (Fig. 3d),
we found that expression of these genes is specifically reduced in AT2
cellsafter cigarette smoke exposure and is therapeutically restored by
LTBR-Ig treatment (Fig. 3b-d).

To establish a direct link between LT3R and WNT/B-catenin signal-
ling, primary AT2 cells and stable human and mouse cell lines were
treated with LTPR agonists, which led to a downregulation of the
key WNT/[-catenin target genes Axin2, Nkd1, Lgr5 and Tcf4 (Fig. 3e,
f, Extended Data Fig. 9¢, d). This was reversed by inhibition of NF-kB
signalling (Extended Data Fig. 9e, f). Notably, ligand-independent
B-catenin transcriptional reporter activity induced by inhibition of
GSK-3p3 was abrogated by LT3R agonization (Fig. 3g, Extended Data
Fig.9g), thus suggesting intracellular signal modification downstream
of the 3-catenin destruction complex. Indeed, enhanced 3-catenin
degradation was observed upon LTPR agonization (Fig. 3h), which
wasreversed after proteasome inhibition with bortezomib (Extended
DataFig.9h). Targeting AT2 cells with the NIK kinase-specific inhibitor
CMPI1%, reversed LTPR-Ag-induced degradation of B-catenin (Fig. 3i),
further confirming that LTBR-activation decreased WNT/B-catenin
signalling via NIK-dependent non-canonical NF-kB signalling. Fur-
thermore, inaLTPR-signallingindependent PPE-induced emphysema
mouse model (Extended Data Fig. 7e, f) that also exhibits reduced
WNT/B-catenin signalling®, LTBR-Ig treatment neither reversed
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100 pm. ¢, Representative images ofimmunohistochemical analysis for AXIN2
inlungsections (brownsignal, nuclei counterstained with haematoxylin), and
quantification of alveolar epithelial cells positive for AXIN2. Scale bar, 50 pm.
d, Representativeimages and quantification of lung organoids from primary
human AT2 cells cultured for 14 days with or without human LTBR-Ag (2 pg ml™)
and CHIR99021 (2 uM) (n=2replicates from 2 separate donors). Scale bar,

500 um.See Extended DataFig.10e. Dataare mean +s.d. Pvalues determined
by one-way ANOVA multiple comparisons Bonferronitest (a-d).

emphysema (Extended Data Fig. 7g, h), nor restored WNT/[3-catenin
signalling (Extended Data Fig. 9k-m).

Notably, both AXIN2and TCF4 expression were also suppressed inex
vivo human PCLS stimulated with LTBR agonist (Fig. 3j, Extended Data
Fig. 9i). Of note, non-canonical NF-kB signalling induced by the alter-
native LTBR ligand TNFSF14, also reduced 3-catenin levels (Extended
DataFig. 9j).

Finally, to test the hypothesis that LTBR-Ig treatment induces lung
tissue regeneration after chronic cigarette smoke exposure viaendog-
enous WNT/[B-catenin signalling in vivo, mice were treated with (1)
LTBR-Ig; (2) LTBR-Ig and the B-catenin/CBP inhibitor PRI-724%*; and
(3) CHIR99021, a WNT/pB-catenin activator®* (Extended Data Fig. 10a).
Similar to previous results (Fig. 1b, d, Extended Data Fig. 1k), LTBR-Ig
treatment reduced the expression of Lta, Cxcl13and Ccl19 (Fig.4a) and
reversed iBALT formation (Extended Data Fig.10c). Ltb, Tnfsfl4and Ltbr
levels (Extended Data Fig. 10b) as well as canonical NF-kB-signalling
regulated Tnfand Ccl2 (Fig. 4a) again remained unchanged.

LTBR-Iginduced lung regeneration was similar to that triggered by
treatment with CHIR99021 alone (Fig. 4b). By contrast, lung regenera-
tionwas significantly reduced by PRI-724 (Fig. 4b). This was accompa-
nied by asignificant reductionin AXIN2-positive alveolar epithelial cells
after treatment with cigarette smoke and Ig or cigarette smoke with
LTBR-Igand PRI-724 (Fig. 4c). Notably, exposure to cigarette smoke and
LTBR-Igor CHIR99021restored the number of AXIN2-positive epithelial
cells (Fig. 4c). These data were also corroborated by analysis of Axin2
mRNA expression (Extended DataFig.10d). To test AT2 progenitor cell
function, primary human AT2 cells were subjected to alung organoid
assay>. Organoid growth by human primary AT2 cells was functionally
impaired by the activation of LTPR signalling (Fig. 4d, Extended Data
Fig.10e). However, this phenotype was partially restored by activating
WNT/B-catenin signalling with CHIR99021 and LiCl (Fig. 4d, Extended
Data Fig. 10f).

Insummary, by analysis of lung tissue from patients with COPD and
distinct mouse models, we identified increased Lta and Ltb expression
byBandT cells, and TnfsfI4 expression by T cellsand granulocytes. We
demonstrated a concept that therapeuticinhibition of LTBR signalling
restores lung architecture from smoking induced-emphysema and
airway fibrosis. Blocking LTBR signalling abolished the formation of
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iBALT, apoptosis of alveolar epithelial cells and re-initiated endogenous
WNT/B-catenin-driven alveolar regeneration. Mechanistically, activa-
tion of LTPR signallingin progenitor AT2 cells decreased WNT/[-catenin
activity vianon-canonical NF-kB signalling, through the non-canonical
NIK (Extended Data Fig.10g).

Inthis study, analysis was of lungs solely derived from patients with
end-stage COPD, this limited our ability to deduce the earliest time
points of iBALT or LTPR-signalling during the progression of COPD
immunopathogenesis. However, it hasbeen shown recently that iBALT
formation starts to become prevalent from moderate state of early
COPD onwards, correlating with emphysema severity'®, We believe it
isimperative to conduct future (pre-)clinical studies thatincorporate
LTBR blockers and WNT/[-catenin activators as a potential dual thera-
peutic approach. Our reported findings in chronic smoking-induced
lung tissue pathogenesis may have additional implicationsin the con-
text of other diseases associated with tertiary lymphoid structures or
LTBRsignalling, airway fibrosis and tissue regeneration, beyond COPD.
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Methods

Human lung tissue core sampling

Lung core samples from explanted lungs of patients with COPD under-
going lung transplantation were provided by S. Verleden (University of
Leuven, Belgium) following ethical approval of the University of Leuven
Institutional Review Board (ML6385). Patient demographics are high-
lighted in Supplementary Table 1. Immediately after transplant, lungs
were air-inflated at 10 cm H,O pressure and fixed using constant pres-
sureinthe fumes of liquid nitrogen. Afterwards lungs were sliced using
aband saw and sampled using a core bore. All participants provided
informed written consent. For controls, unused donor lungs were col-
lected under existing Belgian law which allows the use of declined donor
lungs for research after second opinion inspection, and processed
as above. Lungs were declined for various reasons (kidney tumour,
logistics, presence of microthrombi). Upon receipt, lung cores were
portioned for fixation in 4% paraformaldehyde followed by paraffin
embedding, and total RNA isolation (peqGOLD Total RNAKit, Peqlab).

Human precision cut lungslices

Tumour-free tissue fromsix patients who underwent lung tumour resec-
tionwas used for the preparation of precision-cut lung slices (PCLS) as
previously described®. Tissue was provided by the Asklepios Biobank
for Lung Diseases (Gauting, Germany; project number 333-10). All par-
ticipants provided informed written consent, and the use of human
tissue approved by the ethics committee of the Ludwig-Maximillian
University (Munich, Germany; project number 455-12). PCLS were culti-
vated in DMEM/Ham’s F12 medium supplemented with 0.1% FBS (Gibco,
Life Technologies), 100 U ml™ penicillin-streptomycin and 2.5 pg ml™
amphotericin B (Sigma) at 37 °Cin 5% CO,atmosphere, and stimulated
for 24 h with 10 pug mI™ LPS (£. coli 055:B5, Sigma-Aldrich), 1 pg ml™
human LTBR-Ig fusion protein (supplied by J. Browing, Biogen Idec),
20 ng ml* recombinant human TNF (300-01A, PeproTech) or2 uygml™
agonistic antibody to human LTBR (clone BS1, Biogen Idec). Total RNA
was isolated using peqGOLD Total RNA Kit (Peqlab).

Human lung organoid culture

Fresh human lungtissue from de-identified healthy donors were obtained
through National Jewish hospital Human Lung Tissue Consortium (HLTC)
and used following ethical approval by the Institutional Review Board
of the University of Colorado and National Jewish Hospital under IRB
exempt HS-2598. The HLTC obtains fresh lungs from Donor Alliance,
ourlocal organ procurement agency and the International Institute for
the Advancement of Medicine. Primary human ATlI cellswereisolated as
described previously*. Human lung organoid culture was adapted from
previously described mouse lung organoid culture system**, In brief,
MRC-5human fetal lung fibroblasts (ATCC) were proliferation-inactivated
with 10 pg ml™ mitomycin C (Sigma Aldrich) for 2 h. Approximately
10,000 primary human lung EpCAM-positive cells were resuspended
in50 plmedium and diluted 1:1with 10,000 MRC-5 cells in 50 pl growth
factor-reduced Matrigel (Corning). Cell mixture was seeded into 24-well
plate 0.4-pmtranswellinserts (Corning). Cultures were treated from day
0O and every second or third day in DMEM/F12 containing 5% FBS, 100 U
ml™ penicillin/streptomycin, 2mML-alanyl-L-glutamine, amphotericin B
(Gibco), insulin-transferrin-selenium (Gibco), 0.025 pg ml™ recombinant
human EGF (Sigma Aldrich), 0.1 pg ml™ Cholera toxin (Sigma Aldrich),
30 pg ml™ bovine pituitary extract (Sigma Aldrich),and 0.01uM freshly
added all-trans retinoic acid (Sigma Aldrich). Y-27632 (Tocris) (10 pM)
was added for the first 48 h of culture. Organoids were imaged at day
14 using a Cytationl cell imaging reader running Gen5 v3.08 software
(Biotek) and quantified through ImageJ software (v1.52a).

Animals and maintenance
Eight-to-ten-week-old and 12-month-old pathogen-free female C57BL/6
mice were obtained from Charles River and housed inrooms maintained

ata constant temperature of 20-24 °C and 45-65% humidity with a
12 h light cycle. Mice were allowed food and water ad libitum. Mice
wererandomly allocated into experimental groups with no statistical
methods used to predetermine sample size. Sample sizes were chosen
based on similar studies from the literature by ourselves and others
and sufficient to detect statistically significant differences between
groups. Quantitative morphometry on lung sections from mice was
undertaken by readers blinded to the study groups. All animal experi-
ments were approved by the ethics committee for animal welfare of
the local government for the administrative region of Upper Bavaria
(Regierungsprasidium Oberbayern) and were conducted under strict
governmental and international guidelinesinaccordance with EU Direc-
tive 2010/63/EU.

Cigarette smoke exposure and LTBR-Ig treatment

Cigarette smoke was generated from 3R4F Research Cigarettes
(Tobacco Research Institute, University of Kentucky), with the filters
removed. Mice were whole-body-exposed to active 100% mainstream
cigarette smoke of 500 mg m~total particulate matter (TPM) for 50 min
twice per day for4 and 6 monthsina manner mimicking natural human
smoking habits as previously described®. The TPM level was monitored
viagravimetric analysis of quartzfibre filters before and after sampling
air fromthe exposure chamber and measuring the total air volume. CO
concentrations in the exposure chamber were constantly monitored by
usinga GCO100 CO Meter (Greisinger Electronic) and reached values
of 288 + 74 ppm. All mice tolerated CS-mediated CO concentrations
without any sign of toxicity, with CO-Hb levels 0f 12.2 + 2.4%.

Intwo parallel experiments, mice were treated withan LTBR-Ig fusion
protein® (80 pgintraperitoneally, weekly) (muLTBR-mulgG, supplied
byJ. Browing, Biogen Idec) or control-lIg (MOPC21, Biogen Idec) for
2months, starting from 2 and 4 months of cigarette smoke exposure.
Control mice were keptinafiltered air environment, but exposed to the
same stress as cigarette smoke-exposed animals. Twenty-four hours
after the last exposure to cigarette smoke, mice were killed. Experi-
ments were performed twice, with n =8 animals per group.

Elastase application and LTBR-Ig treatment
Emphysemawasinduced in mice by asingle oropharyngeal application
of PPE (40 Ukg ' body weight in 80 pl volume) as previously described*’.
Control mice received 80 pl of sterile PBS. Starting from day 28 after
elastase application, mice were treated withan LTBR-Ig fusion protein
(80 pgi.p., weekly) or control-Ig for 2 months. Experiments were per-
formed twice, with n=8 mice per group.

Four-paw muscle strength test

A grip strength meter system (Bioseb) was used to assess muscle
strength in the mice. Mice holding onto a grid with four paws are
slowly pulled away, the maximum force is recorded when the mouse
releases the grid*. Each mouse was assessed three times over 1 min,
with the mean value being taken to represent the strength of an indi-
vidual mouse. Body weight was also measured and taken into account
for analysis.

Lung function measurements

Mice were anaesthetized with ketamine-xylazine, tracheostomized
and the diffusing capacity for carbon monoxide (DFCO) calculated*.
In brief, 0.8 ml mixed gas (0.5% Ne, 21% O,, 0.5% CO and 78% N,) was
instilled into the mice lungs and withdrawn 2 s later for analysison a
3000 Micro GC Gas Analyzer (Infinicon) running EZIQ software v.3.3.2
(Infinicon). DFCO was calculated as 1 - (CO,/CO,)/(Ne,/Ne,), in which
0 and 1refer to the gas concentration before and after instillation,
respectively. Respiratory function was measured using a flexiVent
system running Flexiware v.7.6.4 software (Scireq). Mice were venti-
lated with a tidal volume of 10 ml kg™ at a frequency of 150 breaths
per min to reach a mean lung volume similar to that of spontaneous
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breathing. Testing of lung mechanical properties including dynamic
lung compliance was carried out by a software-generated script that
took four readings per mouse.

Lung tissue processing

Therightlung lobes were snap frozenin liquid nitrogen, homogenized
andtotal RNAisolated (peqGOLD Total RNAKit, Peqlab). The left lobe
was fixed ata constant pressure (20 cm fluid column) by intratracheal
instillation of PBS buffered 6% paraformaldehyde and embedded into
paraffin for histological analysis of haematoxylin and eosin (H&E) or
Masson’s Trichrome stained sections and forimmunohistochemistry.

Generation of single-cell suspensions from whole mouse lung
tissue

Lung single-cell suspensions were generated as previously
described****. In brief, after euthanasia, lung tissue was perfused
with sterile saline through the heart and the right lung was tied off
at the main bronchus. The left lung lobe was subsequently filled with
4% paraformaldehyde for later histologic analysis. Right lung lobes
were removed, minced (tissue pieces at approximately 1 mm?), and
transferred for mild enzymatic digestion for 20-30 min at 37 °Cinan
enzymatic mix containing dispase (50 caseinolytic U ml™), collagenase
(2mgml™), elastase (1mg ml™),and DNase (30 pg ml™). Single cells were
collected by straining the digested tissue suspension througha40-pm
mesh. After centrifugation at 300gfor 5 min, single cells were taken up
in 1 ml of PBS (supplemented with 10% fetal calf serum), counted and
critically assessed for single cell separation and overall cell viability.
For Dropseq, cells were aliquoted in PBS supplemented with 0.04% of
bovine serum albumin at a final concentration of 100 cells pl ™.

scRNA-seq using Dropseq

Dropseq experiments were performed according to previously pub-
lished protocols**. Using a microfluidic device, single cells (100 per
ul) were co-encapsulated in droplets with barcoded beads (120 per
pl; purchased from ChemGenes Corporation) at rates of 4,000 pl h™.
Droplet emulsions were collected for 10-20 min each before droplet
breakage by perfluorooctanol (Sigma-Aldrich). After breakage, beads
were harvested and the hybridized mRNA transcripts reverse tran-
scribed (Maxima RT, Thermo Fisher). Unused primers were removed
by the addition of exonuclease I (New England Biolabs). Toimprove the
quality of the single cell transcripts and later the sequencing recovery,
beads were subjected to Klenow enzyme treatment, as described for
the Seq-Well single cell protocol*. In brief, beads were incubated in
freshly prepared 0.1M NaOH for 5 min while rotating and washed using
TE-buffer 10mM Trisat pH 8.0, 1mM EDTA), supplemented with 0.01%
Tween-20 (TE-TW buffer). Subsequently, beads were washed in TE-TW
buffer and 1x TE buffer. Beads were resuspended in 200 pl per sample
Klenow mix (see Seq-well protocol for details*®) and incubated for 1 h
at37 °Catend-over-end rotation. After Klenow enzymatic treatment,
beads were washed, counted, and aliquoted for pre-amplification
(2,000 beads perreaction, equals approximately 100 cells per reaction)
with12 PCRcycles (Smart PCR primer: AAGCAGTGGTATCAACGCAGAGT
(100 uM), 2x KAPA HiFi Hotstart Ready-mix (KAPA Biosystems), cycle
conditions: 3 min 95°C, 4 cycles of 20 s 98 °C, 455 65°C,3 min 72 °C,
followed by 9 cycles of 20598 °C,205 67 °C,3min 72 °C, then Smin at
72°C).PCR products of each sample were pooled and purified twice by
0.6x clean-up beads (CleanNA), following the manufacturer’sinstruc-
tions. Before tagmentation, complementary DNA (cDNA) samples were
loaded ona DNA High Sensitivity Chip onthe 2100 Bioanalyzer (Agilent)
toensure transcriptintegrity, purity, and amount. For eachsample,1ng
of pre-amplified cDNA from an estimated 1500 cells was tagmented by
Nextera XT (Illumina) with acustom P5-primer (Integrated DNA Tech-
nologies). Single-cell libraries were sequenced in al00 bp paired-end
run on the lllumina HiSeq4000 using 0.2 nM denatured sample and
5% PhiX spike-in. For priming of read 1, 0.5 uM Read1CustSeqB (primer

sequence: GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC) was
used.

scRNA-seq data analysis

After sequencing, the processing of next-generation sequencing reads
of the scRNA-seq data was performed as previously described®. In
brief, the Drop-seq computational pipeline was used (v.2.3.0) as pre-
viously described and STAR (v.2.5.3a) was used for the alignment of
reads tothe mm10 reference genome (provided by the Drop-seq group,
GSE63269). For barcode filtering, we excluded barcodes with less than
200 detected genes.

Downstream analysis was performed using the Scanpy package®’.
During preprocessing steps, we assessed the quality of our libraries and
applied suitable filter criteriamotivated by previously described best
practices*® with slight adjustments. After exploration of UMI counts
and genes per cell for the combined count matrices, we retained bar-
codes withcount numbersintherange of400to 6,000 counts per cell
and genes detected in at least 3 cells. A high proportion of transcript
counts derived from mitochondria-encoded genes may indicate low
cell quality, and we removed cells with a percentage of mitochondrial
transcripts of larger than 20%.

The expression matrices were normalized with scran’s size factor
based approach* and log transformed via scanpy’s pp.loglp() func-
tion. Inan additional step to mitigate the effects of unwanted sources
of cell-to-cell variation, we calculated and regressed out the cell cycle
score for each cell. Variable genes were selected sample-wise, exclud-
ing known cell cycle genes. Those genes being ranked among the top
4,000 in at least 3 samples were used as input for principal compo-
nent analysis. Clustering was performed viascanpy’s louvain method
at resolution 2 and cell types manually annotated by using known
marker genes. We encountered one unidentifiable cluster marked
by low number of counts and high proportion of mitochondrial
transcript-enriched cells, thus we marked these cells as unqualified
and additionally filtered it out. The visualization was obtained with
the UMAP embedding specifying the input parameters as 50 principal
components and 20 nearest neighbours. The final object encompassed
25,095 genes across 21,413 cells.

Scoring for enrichment of gene signatures of interest was performed
by using scanpy’s tl.score_genes() function and the following gene
lists: (1) apoptosis score: 157 genes from our dataset overlapping with
Hallmark Apoptosis list from MSigDB; (2) positive regulation of NIK/
NF-kB signalling: 76 genes associated with the corresponding Gene
Ontology (GO) term GO:1901224. Statistical significance was assessed
by using Wilcoxon rank-sum test on normalized, log-transformed count
values and corrected with Benjamini-Hochberg. scRNA-seq metadata
can be found in Supplementary Table 4. All code used for data visu-
alization of the scRNA-seq data can be found at https://github.com/
theislab/2020_Inhibition_LTbetaR-signalling.

Proteome analysis of whole lung homogenates
Proteins have beenloaded on SDS-PAGE gel, which ran only ashort dis-
tance of 0.5 cm. After Commassie staining the total sample was cut out
unfractionated and used for subsequent trypsin digestion according to
aslightly modified previously described protocol*® carried out on the
DigestPro MSirobotic system (INTAVIS Bioanalytical Instruments AG).
Digested samples have been loaded on a cartridge trap column,
packed with Acclaim PepMap300 C18, 5 um, 300 A wide pore (Thermo
Fisher Scientific) and separated in a 180 min gradient from 3% to 40%
ACN on a nanoEase MZ Peptide analytical column (300 A, 1.7 um,
75 um x 200 mm, Waters) and a UltiMate 3000 UHPLC system. Fur-
thermore, eluting peptides have been analysed by an online coupled
Q-Exactive-HF-X mass spectrometer running software version Exactive
Series 2.9 (Thermo Fisher Scientific) in adata depend acquisition mode
where one full scan was followed by up to 12 MS-MS scans of eluting
peptides.
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Proteomic data analysis
Mass spectrometry raw files were processed using the MaxQuant soft-
ware® (v.1.6.12.0). As previously described*?, peak lists were searched
against the mouse Uniprot FASTA database (version November 2016),
and acommon contaminants database by the Andromeda searchengine.
Allstatistical and bioinformatics operations such as normalization,
principal component analysis, annotation enrichment analysis and
hierarchical clustering of z-scored MS-intensities were run with the
Perseus software package (v.1.6.10.50)*. Proteomics data can be found
inSupplementary Table 5.

Microarray analysis

Total RNA wasisolated using the RNeasy MiniKit (Qiagen) from the lungs
of C57BL/6 mice exposed to filtered air for 6 months (n =3), cigarette
smoke for 6 months (n =3) and cigarette smoke for 6 months plus the
LTBR-Igfusion protein for the last2months (therapeutic protocol, n=3)
as described above. RNA quality was assessed using an Agilent 2100
Bioanalyzer, with high-quality RNA (RNA integrity number (RIN) > 7)
being used for analysis. Three-hundred nanograms of total RNA was
amplified using the lllumina TotalPrep RNA Amplification kit (Ambion),
then hybridized to Mouse Ref-8 v2.0 Expression BeadChips (Illumina).
Staining and scanning were undertaken according to the llluminaexpres-
sion protocol. Data were processed using the GenomeStudioV2010.1
software (gene expression module v.1.6.0) in combination with the
MouseRef-8_V2_0_R3_11278551_A.bgx annotation file. The background
subtraction option was used and an offset to remove remaining nega-
tive expression values introduced. CARMAweb was used for quantile
normalization®. Statistical analyses were performed by using the statisti-
cal programming environment R (v.3.2.3, R Development Core Team),
implementedin CARMAweb. Genewise testing for differential expression
was carried out using the limma¢-test and Benjamini-Hochberg multiple
testing correction (false discovery rate (FDR) <10%). Heat maps were
generated using Genesis software (release 1.7.7, Institute for Genomics
and Bioinformatics, Graz University of Technology).

Flow cytometry analysis of lung

Single-cell suspension was derived by using MACS Dissociator (Miltenyi
Biotech) according to manufacturer’s instructions. Staining was per-
formed using Live/Dead discrimination by ZombieDyeNIR according
to the manufacturer’s instructions for lymphocytes and Live/Dead
discrimination by fixable viability stain FVS620 (BD) for myeloid cells.
After washing (approximately 400g, 5min, 4 °C), cells were stained in
25 pl of titrated antibody master mix for 20 min protected from light
at4 °Cand washed again®. Cells were analysed using BD FACSFortessa
running FACSDiva software v8.0.1. Data were analysed using Flowlogic
v7.3 and FlowJo v10.6.1. For t-SNE representation, myeloid cells were
downsampled to 3,000 live CD45'CD11b* and/or CD1ic" cells; and lym-
phocytes were downsampled to 5,000 live CD45" cells. Antibodies used
are shown in Supplementary Table 2.

qRT-PCR

cDNA was synthesized from 1 pg total RNA using Random Hexamers
and MuLV Reverse Transcriptase (Applied Biosystems). mRNA expres-
sionwas analysed using Platinum SYBR Green qPCR SuperMix (Applied
Biosystems) on aStepOnePlus 96 well Real-Time PCR System (Applied
Biosystems). Primers were designed using Primer-BLAST software
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) or obtained from
PrimerBank>® (https://pga.mgh.harvard.edu/primerbank/). Primer
sequencesarelisted in Supplementary Table 3. Relative expression of
each gene was calculated relative to the housekeeping gene HPRTI or
Hprtl as 2%, and fold changes compared to control samples as 2724
values. Relative changes of selected genes were also presented as a
heat map generated by Genesis software (Release 1.7.7, Institute for
Genomics and Bioinformatics, Graz University of Technology).

Immunohistochemistry

Three-micrometres sections from human core samples or mouse left
lung were deparaffinizingin xylene and rehydrated before treatment
with 1.8% (v/v) H,0, solution (Sigma-Aldrich) to block endogenous
peroxidase. Heat-induced epitope retrieval was performed in HIER
citrate buffer (pH 6.0, Zytomed Systems) in a decloaking chamber
(Biocare Medical). Toinhibit nonspecific binding of antibodies, sec-
tions were treated with ablocking antibody (Biocare Medical). After
overnightincubation with primary antibodies at 4 °C sections were
incubated with an alkaline phosphatase or horseradish peroxidase
(HRP)-conjugated secondary antibody (Biocare Medical). Signals
were amplified by adding chromogen substrate Vulcan fast red
or 3,3’-diaminobenzidine (DAB) (Biocare Medical), respectively.
Sections were counterstained with haematoxylin (Sigma-Aldrich)
and dehydrated in xylene and mounted. Primary antibodies: rabbit
anti-RelA/p65 (1:500, clone A, sc-109, Santa Cruz), rabbit anti-RELB
(1:400, clone C-19, sc-226, Santa Cruz), mouse anti-CD20 (1:100,
cloneL26, MSK008, Zytomed Systems), rat anti-B220 (1:3,000, clone
RA3-6B2, 553084, BD Biosciences), rabbit anti-CD3 (1:500, clone
SP7, RBK024, Zytomed Systems), rabbit anti-CD68 (1:100, poly-
clonal, ab125212, Abcam), rabbit anti-Collagen I (1:250, polyclonal,
ab21286, Abcam), rabbit anti-pSMAD?2 (1:500, polyclonal, AB3849,
Merck Millipore), mouse anti-hLTB (1:1,000, clone B27, supplied by
J. Browing, Biogen Idec), rabbit anti-cleaved caspase3 (1:300, poly-
clonal, 9661, Cell Signaling Technology), rabbit anti-TCF4 (1:100,
polyclonal,ab185736, Abcam) and rabbit anti-AXIN2 (1:2,000, poly-
clonal, ab32197, Abcam).

Multipleximmunofluorescence staining

Sequential immunostaining was performed on 3-pm thick
formalin-fixed paraffin-embedded mouse lung sections. In brief,
heat-mediated antigen retrieval was performed in citrate pH 6.0
(antibody Mix 1, ThermoFisher), or in EDTA pH 9.0 (antibody mix 2,
Novus) buffer. Antibody elution was performed between each stain-
ing cycle”. Antibodies used in mix 1 were: rat anti-CD4 (1:200, Ther-
moFisher14-9766-82), rat anti-CD8a (1:200, ThermoFisher 14-0808-82)
and rat anti-B220 (1:500, Biolegend 103202). Antibodies used in mix
2 were: rabbit anti-IBA1 (1:1.000, VWR 100369-764), rabbit anti-iNOS
(1:100, Abcam ab15323) and rabbit anti-CD206 (1:500, ProteinTech
18704-1-AP). Secondary antibodies used were: anti-rabbit 555 (1:500,
CellSignaling 4413S), anti-rabbit 647 (1:500, Cell Signaling 4414S) and
anti-rat 647 (1:500, Cell Signaling 4418S).

Acquired images were processed using FIJI and the FIJI plugin
HyperStackReg V5.6% (and Ved Sharma 13 December 2018). Image)
plugin HyperStackReg V5.6 (Zenodo. https://doi.org/10.5281/
zenodo.2252521). Autofluorescence acquired in non-relevant channels
was substracted as appropriate. IBA1 and iNOS staining quantitation
was performed using llastik (v.1.3.3post2)* and CellProfiler (v.3.1.9)°.

RNA insitu hybridization

Five-micrometre sections from paraffin-embedded mouse left lung
or human core samples were used for in situ hybridization using
the RNAscope 2.5 HD Assay- BROWN (Advanced Cell Diagnostics)
according to manufacturer’sinstructions and the RNAscope EZ-Batch
Slide Processing System (Advanced Cell Diagnostics). The follow-
ing probes from Advanced Cell Diagnostics were used; RNAscope
Probe-Mm-Lta (317231), RNAscope Probe-Mm-Ltb (315681), RNAscope
Probe-Mm-Tnfsf14 (411111), RNAscope Probe-Mm-TNFa (311081),
RNAscope Probe-Hs-LTA (310461) and RNAscope Negative Control
Probe - DapB (310043).

Quantitative morphometry
Design-based stereology was used to analyse sections using an Olympus
BX51light microscope equipped with acomputer-assisted stereological
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toolbox (newCAST, Visiopharm) running Visopharm Integrator System
(VIS) v.6.0.0.1765 software, on H&E or Masson’s Trichrome stained lung
tissue sections as previously described®, Air space enlargement was
assessed by quantifying mean linear chord length (MLI) and alveolar
surface density on 30 fields of view per lung using the x20 objective. In
brief, aline grid was superimposed on lung section images. Intercepts
of lines with alveolar septa and points hitting air space were counted
to calculate MLIapplying the formula MLI=3 Py, X L(P)/3 [sepea % 0.5. Py
are the points of the grid hitting air spaces, L(p) is the line length per
point, /., is the sum of intercepts of alveolar septa with grid lines.
Alveolar surface density was calculated applying the formula: surface
density =2 X Y L epea/ > Poepra X L(p), where P, are the points of the grid
hitting alveolar septa.

Volume of iBALT and airway collagen normalized to the basal mem-
brane was quantified on 50 fields of view per lung (using the x40
objective) by counting points hitting iBALT (Pj,,) or airway collagen
(Peoiiagen) @and intercepts of lines with airways and vessels (/iyay + vessel) -
The volume was calculated by applying the formula V/S =3 Piga 1/coltagen *
L(P)/ 2 sirway +vesse- Furthermore, the total number of iBALT was quantified
inawholelungtissue slide and normalized to total number of airways.

For quantification of immunohistochemistry stained lung tissue
sections 20 random fields of view were assessed across each lung using
the CAST system and x40 objective. The total number of CD68-positive
cellswasrecorded.For RELA, RELB, caspase-3, AXIN2 and TCF4 count-
ing the number of positive alveolar epithelial cells out of the total num-
ber of alveolar epithelial cells were recorded as a percentage.

Western blotting

Twenty micrograms of protein was separated by SDS-PAGE, trans-
ferred onto a polyvinylidene difluoride membrane (Bio-Rad), blocked
with 5% non-fat milk and immunoblotted overnight at 4 °C with anti-
bodies against RELB (1:1,000, clone D7D7W, 10544, Cell Signaling),
p52 (and p100) (1:1,000, polyclonal, 4882, Cell Signaling), cleaved
caspase-3 (1:1,000, polyclonal, Cell Signaling) and 3-catenin (1:1,000,
clone 14, 610154, BD Biosciences). Antibody binding was detected with
HRP-conjugated secondary antibodies and developed using Amersham
ECL Prime reagent (GE Healthcare). Bands were detected and quantified
using the Chemidoc XRS+ system running ImageLab v.5.2.1 software
(Bio-Rad) or using photographic film and ImageJ (v.1.490), and nor-
malized to B-actin levels (anti-B-actin-peroxidase conjugated mouse
monoclonal antibody, 1:50,000, clone AC-15, A3854, Sigma-Aldrich),
vinculin (anti-vinculin, 1:1,000, clone 7F9, sc-73614, Santa Cruz) or
tubulin (anti-tubulin, 1:5,000, clone B-5-1-2, T6074, Sigma-Aldrich).

ELISA

Concentrations of active TGFf3 in BAL fluid were determined using a
commercially available kit for enzyme-linked immunosorbent assay
(eBioscience, ThermoFisher Scientific).

Primary mouse AT2 cellisolation and culture

Primary mouse AT2 cells were isolated as previously described .
In brief, mouse lungs were intratracheally inflated with dispase
(BD Bioscience) followed by 300 pl instillation of 1% low gelling
temperature agarose (Sigma Aldrich,). Lungs were minced and fil-
tered through 100-pm, 20-pm and 10-pm nylon meshes (Sefar).
Negative selection of fibroblasts was performed by adherence
on cell culture dishes for 30 min. Non-adherent cells were col-
lected and white blood cells and endothelial cells were depleted
with CD45 and CD31 magnetic beads respectively (Miltenyi Bio-
tec), according to manufacturer’s instructions. pmATII cells were
resuspended in DMEM containing 10% FBS (Pan-Biotech), 2 mM
L-glutamine (Life Technologies), 100 mg 1! streptomycin, and
100 U ml™ penicillin (Sigma Aldrich), 3.6 mg ml™ glucose (Appli-
chem) and 10 mM HEPES (Life Technologies) and cultured for
48 htoallow attachment. Cells were starved with medium containing

0.1% FBS and finally treated for 24h with an agonistic antibody to
LTBR (2 pg mI™) (clone ACH6, supplied by J. Browing, Biogen Idec)
and recombinant mouse WNT3A (100 ng ml™) (1324-WN, R&D
Systems).

LA4 cell culture

The mouse AT2-like cell line LA4 (CCL-196, ATCC) was maintained in
Ham'’s F12 medium containing NaHCO; and stable glutamine (Biochrom
AG), supplemented with15% fetal calf serum (Gibco, Life Technologies),
100 U mI™ penicillin-streptomycin (Sigma-Aldrich) and 1% non-essential
amino acids (Biochrom AG) at 37 °C in 5% CO, atmosphere. The cell
line was not authenticated. LA4 cell lines were routinely tested for
mycoplasma, and tested negative.

For LA4 apoptosis measurements, cells were seeded at1x10° cells per
well in 24-well plates. Then, 24 h later, cells were stimulated for 6 and
24 hwithanagonisticantibody to LTBR (2 pg ml™) (5G11, HM1079, Hycult
Biotech), recombinant murine TNF (1 ng ml™) (315-01A, PeproTech)
or a combination thereof. To inhibit apoptotic signalling, cells were
co-stimulated with necrostatin-1 (50 pM) (N9037, Sigma-Aldrich) or
Z-Val-Ala-DL-Asp-fluoromethylketone (z-VAD-FMK) (20 uM) (627610,
Merck Millipore). Apoptosis levels were analysed using the Annexin V
Apoptosis Detection Kit APC (eBioscience, ThermoFisher Scientific)
and then stained cells were quantified on aBD FACSCanto Il flow cytom-
eter (BD Biosciences) with BD FACSDiva v.6.1.3 software.

For the LA4 wound-healing assay, a scratch was induced 24 h after
seeding (time point O h) and cells were stimulated for 24 h as described
above. Afterwards, cells were washed and cultured for a further 32 h
(time point 56 h) in fresh medium. Wound closure was determined as
the percentage of wound closure at 0 and 56 h using AxioVision software
(v.4.9.1.0, Zeiss) to calculate the wound surface area.

To examine WNT signalling cells were seeded at 1x 10° cells per well
in 24-well plates. Then, 24 h later, cells were stimulated for 24 h with
an agonistic antibody to LTBR (2 pg mlI™) (clone ACH6, supplied by J.
Browing, Biogen Idec), recombinant mouse TNF (1 ng ml™) (315-01A,
PeproTech) oracombination thereof. Inaddition, cells were pre-treated
for1handthenincubated for 24 h with necrostatin-1(50 uM) (N9037,
Sigma-Aldrich), TPCA-1 (10 pM) (T1452, Sigma-Aldrich) or BAY 11-7082
(10 M) (B5556, Sigma-Aldrich). Total RNA was isolated using the peq-
GOLD Total RNAKit (Peqlab).

A549 and MLE12 cell culture

Both the human AT2-like cell line A549 (CCL-185, ATCC) and mouse
AT2-like cell line MLE12 (CCL-2110, ATCC) were maintained in DMEM/
F12 medium containing NaHCO; and stable glutamine (Biochrom AG),
supplemented with 10% fetal calf serum (Gibco, Life Technologies) and
100 U mI™ penicillin-streptomycin (Sigma-Aldrich) at 37 °C in 5% CO,
atmosphere. Both cell lines were not authenticated. Both cell lines were
routinely tested for Mycoplasma, and tested negative.

For mRNA experiments cells were seeded in 24-well plates at 5 x10*
cells per well and for protein cells were seeded in 6-well plates at2 x 10°
cells per well. Twenty-four hours later, cells were stimulated in medium
containing 0.1% fetal calf serum with, recombinant murine WNT3A
(100 ngml™,1324-WN, R&D Systems or 315-20, Peprotech), CHIR99021
(1M, 4423, Tocris), an agonistic antibody to LTBR (for mouse 2 pg ml™
clone ACH6, for human 0.5 pg ml™ clone BS1both supplied by J. Brow-
ing, Biogen Idec), recombinant mouse TNFSF14 (250-500 ng ml ™,
664-L1-025/CF, R&D Systems), TPCA-1 (5 uM, T1452, Sigma-Aldrich)
and bortezomib (10 nM, Millennium, Takeda). Total RNA wasisolated
using the peqGOLD Total RNAKit (Peqlab) and cellular lysates prepared
in RIPA buffer.

Inadditional experiments, MLE12 cells were pre-treated 2 hwiththe
NIK kinase inhibitor (CMP1,1uM, prepared in house) and stimulated
for30 hwith recombinant mouse WNT3A (200 ng ml™,1324-WN, R&D
Systems), an agonistic antibody to LTBR (2 pg ml™, clone ACH6) or
recombinant Flag-TNFSF14 (200 ng ml™, ALX-522-018-C010, Alexis



Biochemicals). Cellular lysates were prepared in RIPA buffer for west-
ernblot analysis.

Synthesis of the NIK kinase inhibitor
The NIK kinase inhibitor (4-(1-(2-amino-5-chloro-4-pyrimidinyl)-
2,3-dihydro-1H-indol-6-yl)-2-(1,3-thiazol-2-yl)-3-butyn-2-ol) CMP1,
was obtained according to the synthetic process described in WO
2009/158011A1. For the chemical structure, see Supplementary Fig. 1.
However, toimprove the yields, the last step consisting of the Sonoga-
shira coupling reaction between the aryl bromide and the alcyne
using cuprous iodide and triethylamine as the catalysts in DMF was
replaced by the use of palladium acetate and triphenylphosphinein the
presence of DBU as the catalytic system in THF according to arecent
publication®’.

WNT/B-catenin luciferase reporter assay

WNT/B-catenin signalling was measured as previously described®. In
short, M50 Super 8x TOPflash and M51 Super 8x FOPflash plasmids®®,
containing a firefly luciferase gene under the control of TCF/LEF
binding sites (TOPflash) or mutated TCF/LEF binding sites (FOPflash)
were used. MLE12 cells were plated in 48-well plates at a density of
55,000 cells per well. The next day cells were transfected with either
75 ng per well of M50 Super 8x TOPflash plasmid or the negative
control M51 Super 8x FOPflash using Lipofectamine 2000 reagent
(Life Technologies) in serum-free Opti-MEM medium (Life Technolo-
gies). After 6 hof transfection, cells were stimulated for 24 h with an
agonistic antibody to LTBR (2 pg mI™) (clone ACH6, supplied by J.
Browing, Biogen Idec), recombinant mouse TNF (1ng ml™) (315-01A,
PeproTech) and CHIR99021 (1 uM) (4423, Tocris). Cells were lysed
using Glo lysis buffer and luciferase activity was assayed using the
Bright-Glo luciferase assay system (Promega). Luciferase activity
was determined using aluminescence plate reader (Berthold Tech-
nologies). Measured values were analysed with WinGlow Software
(MikroWin v.4.41, Berthold Technologies) and TOPflash activity was
normalized to FOPflash activity and expressed relative to control
conditions.

GSEA

GSEA software (v.4.0.1) from the Broad Institute (http://www.gsea-
msigdb.org/gsea/index.jsp)®*’° was used to determine the enrichment
of gene lists in our microarray data generated above, proteomic data
generated above and data obtained from series matrix files down-
loaded from the NCBI GEO database (GSE47460-GPL14550”, GSE37768,
GSE56768 and GSE52509). The following gene lists were examined;
Hallmark collection v6.2 (Broad Institute), GO:0033209 tumour necro-
sisfactor-mediated signalling pathway, GO:0051092 positive regulation
of NF-kB transcription factor activity, GO:0043123 positive regula-
tion of I-kB kinase NF-kB signalling, GO:0038061 NIK NF-kB signalling,
G0:0008013 beta catenin binding, and GO:0060070 canonical WNT
signalling. Gene lists for apoptosis were obtained from the Hallmark
collection, and for LTPR signalling and NF-kB signalling from the Inge-
nuity Pathway Analysis (IPA) Software (Qiagen).

Statistical analysis

Results are presented as mean values * s.d., with sample size and num-
ber of repeatsindicatedinthe figure legends. One-way ANOVA with the
multiple comparisons Bonferroni test was used to compare multiple
groups. For comparisons between two groups, unpaired or paired
two-tailed Student’s ¢-test was used. Pvalues less than 0.05 were con-
sidered significant. Analyses were conducted using GraphPad Prism
6 or 8 software (GraphPad Software).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Microarray data were submitted to the NCBI Gene Expression Omni-
bus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) accession
number GSE125521. scRNA-seq data were submitted to the NCBI GEO
database accession number GSE151674. scRNA-seq metadata can be
foundin Supplementary Table 4. Proteomics data can be foundin Sup-
plementary Table 5. Series matrix files were also downloaded from
the NCBIGEO databases: GSE47460-GPL14550, GSE37768, GSE56768
and GSE52509. Proteomic peak lists were searched against the mouse
Uniprot FASTA database (version November 2016) https://www.uniprot.
org/proteomes/UP000000589. All other data supporting the find-
ings of this study are available within the Article and Supplementary
Information. All data are available from the corresponding authors
upon reasonable request. Source data are provided with this paper.

Code availability

Allcode used for datavisualization of the scRNA-seq data can be found
at https://github.com/theislab/2020_Inhibition_LTbetaR-signalling.
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Extended DataFig.1|Canonical and non-canonical NF-kB signalling
pathways areactivated in the lungs of patients with COPD and mice
exposed tocigarettesmoke. a, b, Representative images of
immunohistochemical analysis for RELA (a) and RELB (b) (brown signal,
indicated by arrows, nuclei counterstained with haematoxylin) in lung core
biopsy sections from healthy participants (n=3) patients with COPD (n=4),
with the quantification of RELA and RELB-positive alveolar epithelial nuclei
shownasmean*s.d.Scalebar, 50 pmand 25 pm (inset). c-e, GSEA of the LTBR
signalling, NF-kB signalling (gene lists from IPA software, Qiagen), TNFR-
mediated signalling (GO:0033209), positive regulation of I-kB kinase NF-kB
signalling (GO:0043123) and NIK NF-kB signalling (GO:0038061) pathways in
publicly available array data from lung tissue (GSE47460-GPL14550) of healthy
(n=91) versus patients with COPD (n=145) (c), from lung tissue (GSE37768) of
healthy (n=9) versus patients with COPD (n=18) (d) and from PBMCs
(GSE56768) of healthy (n=5) versus patients with COPD (n=49) (e). f, nRNA
expression levels of Lta, Ltbr, Tnfsf14, Tnf, Ccl2and Cxcl13 determined by qPCR
inwholelung from B6 mice exposed to filtered air (n=6) or cigarette smoke
(n=8) for 6 months;individual mice are shown. g, GSEA of the pathways
describedinc-einthe publicly available array data (GSE52509) of lungs from

our mice exposedtofiltered air (n=3) and cigarette smoke (n = 6) for 4 and

6 months. h, Westernblot analysis for RELB, p100 and p52intotal lung
homogenate from the mice described in f. Quantification relative to vinculin of
individual mice shown (n=3). For gel source data, see Supplementary Fig.1.i,
Schematicrepresentation of the LTBR-Ig treatment protocol. j, Representative
low and high magnification overlay images of Multipleximmunofluorescence
staining toidentify CD4 (red), CD8 (green), B220 (turquoise) and DAPI (blue)
counterstained lung sections (n=4) from B6 mice exposed to cigarette smoke
for 6 months, plus LTBR-Ig fusion protein or control Ig (80 pgintraperitoneally,
weekly) therapeutically from 4 to 6 months, and analysed at 6 months. Scale
bars, 100 um k, mRNA expression levels of Cxcl13and Ccl19 determined by
qPCRinwholelung from B6 mice exposed to filtered air or cigarette smoke for
4 and 6 months, plus LTBR-Ig fusion or control Ig (80 pgintraperitoneally,
weekly) prophylactically from 2 to 4 months and analysed at 4 months, and
therapeutically from 4 to 6 months and analysed at 6m (n =4 mice/group,
repeated twice, pooled datashown). Pvaluesindicated, Mann-Whitney one-
sided test (a, b), unpaired two-tailed Student’s t-test (f, h), one-way ANOVA
multiple comparisons Bonferroni test (k).
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Extended DataFig.2|Immuneresponseinlungs of mice exposed to
cigarette smoke and treated with LTBR-Ig. a-c, Flow cytometry analysis of
single cell suspensions for adaptive immune cells from whole lung of B6 mice
exposedto filtered air (n=6) or cigarette smoke for 6 months, plus LTBR-Ig
fusion (n=>5) or controllg (n=5) (80 pgintraperitoneally, weekly) from4to 6
months and analysed at 6 months. a, t-SNE plots showing the distribution and
compositionof CD4 and CD8T cellsas centralmemory T cells (Tcm)
(CD62L'CD44"), effector memory T cells (Tem) (CD62L CD44*) and T memory
stem cells (Tscm) (CD62L"'CD44") (left) and t-SNE plots showing the distribution
ofthe surface markersindicated (top right) and global changes in composition
with treatment (bottomright). b, Abundance of the T cell populations
indicated as a percentage of total CD45" cells. ¢, Top, t-SNE plots showing the
distribution of CD19-,1gG-, MHCII-, CD69- and GL7-positive cells. Bottom, the
abundance of CD19* B cells asa percentage of total CD45" cellsand the
geometric mean fluorescenceintensity of the expressed markersindicated on
CD19" B cells.d-g, B6 mice were exposed to filtered air or cigarette smoke for 4
and 6 months, plus LTBR-Ig fusion protein or controlIg (80 pugi.p., weekly)
prophylactically (Proph.) from2to4 months and analysed at 4 months and
therapeutically (Ther.) from 4 to 6 months, and analysed at 6 months.

d, Representativeimages of immunohistochemical analysis for CD68
macrophagesinlungsections from the mice (n=4 mice per group, brown

signalindicated by arrowheads, haematoxylin counter stained). Scale bar,
100 pm. e, Quantification of CD68 positive macrophages across 20 random
fields of view from lung sections stained ind (n=4 mice per group).
f,Representative low and high magnification overlay images of Multiplex
immunofluorescence staining toidentify IBA1 (red),iNOS (green), CD206
(turquoise) and DAPI (blue) counterstained lung sections from mice at

6 months (n=4mice per group). Scalebars, 100 pm and 25 pm, respectively.
g,iNOS and IBAldouble-positive macrophages from Multiplex
immunofluorescence staining on lung sections from mice treated both
prophylactically and therapeutically was quantified using Ilastik and
CellProfiler (n=4 mice per group). h-1, Flow cytometry analysis of single cell
suspensions for myeloid cells from whole lung of B6 mice exposed to filtered
air (n=6) or cigarette smoke for 6 months, plus LTBR-Ig fusion (n=5) or control
Ig (n=5) (80 pgintraperitoneally, weekly) from 4 to 6 months and analysed at
6 months. h, t-SNE plots showing the distribution and composition of myeloid
cellsand surface markersindicated.1, t-SNE plots showing global changes in
composition with treatment. j, Composition of CD45'LY6G F480°CD11c"
alveolar macrophages. k, Composition of CD45'LY6G F480*CD11c CD11b*
interstitial macrophages. 1, Composition of CD45'LY6G F480"CD11c CD11b'LY
6CMeNinfiltrating macrophages. Dataare mean +s.d. Pvalues determined by
one-way ANOVA multiple comparisons Bonferronitest (b, c, e, g,j-1).
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Extended DataFig. 3 | scRNA-seq analysis of lungs from mice exposed to
cigarette smoke and treated with LTBR-Ig. Cells from whole lung
suspensions of B6 mice exposed to filtered air (n=3) or cigarette smoke for

6 months, plus LTBR-Ig fusion protein (n=5) or control Ig (n=5) therapeutically
from4to 6 months, were analysed at 6 months by scRNA-seq (Drop-Seq).

a, Heat map depicting the expression of key genes used inidentifying the
individual cell populations. b, UMAP of scRNA-seq profiles (dots) coloured by
experimental group. c, UMAP plots showing expression of genesindicatedin
scRNA-seq profiles.d, Dot blot depicting the expression level (log-
transformed, normalized UMI counts) and percentage of cellsin a population
positive for Ltb, Lta, Tnf, Tnfsf14, Ltbr, Tnfrsfla and Tnfrsf1b.e, UMAP plot

showing therelativeintensity of the positive regulation of NIK (non-canonical)
NF-kBsignalling pathway (GO:1901224) across the scRNA-seq profiles.

f, UMAP plot of scRNA-seq profiles (dots) of lung epithelial cells coloured by
experimental group (left) and the relative intensity of the positive regulation of
NIK (non-canonical) NF-kB signalling pathway (GO:1901224) (right). g, Box and
whiskers plot (box representing 25th-75th percentile, medianlineindicated
and Tukey whiskers representing +1.5x IQR) showing the relative score for the
positive regulation of NIK (non-canonical) NF-kB signalling pathway in the cell
typesindicated acrossthe three groups. Statistical significance was assessed
using Wilcoxon rank-sum two-sided test on normalized, log-transformed count
values and corrected with Benjamini-Hochberg.
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Extended DataFig. 4 |Analysis of LTA and LTB expressionin humanand
mouse lungs. a, Representativeimages of in situ hybridization analysis for LTA
and immunohistochemical analysis for LTBin lung sections from healthy
participants and patients with COPD (n=4, red signal indicated by arrowheads
(LTA), brown signal (LTB) and nuclei counterstained with haematoxylin). Scale
bar, 50 um. b, Representative images of in situ hybridization analysis for Lta
and Ltbinlungsections from B6 mice exposed to cigarette smoke for 6 months
with LTBR-Ig fusion protein or controlIg (80 pgintraperitoneally, weekly)
therapeutically for 4 to 6 months, and analysed at 6 months (brown positive
staining (Lta) and red positive staining (Ltb) indicated by arrowheads, open
arrowhead unstained cells, nuclei were counterstained with haematoxylin)
(n=4micepergroup, repeated twice). Scale bar, 20 pm. Non-staining with
sense probeincigarette smoke plusIgsections shown as negative control.
Representative images ofimmunohistochemical analysisidentifying
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CDé68-positive macrophages (brown stainingindicated by arrowheads) also
shown. ¢, Representative images of in situ hybridization analysis for Tnfsf14in
lung sections frommice described inb (brown positive staining indicated by
arrowheads, openarrowhead unstained cells, nuclei counterstained with
haematoxylin) (n=4 mice per group). Scale bars, 20 pm. Spleen section shown
asapositive control.d, Representative images of in situ hybridization analysis
for Tnfinlung sections from mice described inb (brown positive macrophage
indicated by arrowheads, open arrowhead unstained macrophage, nuclei
counterstained with haematoxylin). Scale bars, 20 pm. Representative
immunohistochemical analysisidentifying CD68-positive macrophages
(brownstaining indicated by arrowheads, haematoxylin counterstained) also
shown.Scalebars, 20 um. e, Quantification of Tnf-positive macrophages across
20random fields of view per lung (n=4). Dataare mean +s.d. Pvalues
determined by one-way ANOVA multiple comparisons Bonferroni test.
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5|Inhibition of LTBR signalling strongly reduces non-
canonical but not canonical NF-kB signalling inlung. a, Principal
componentanalysis of microarray data, using Mouse Ref-8 v2.0 Expression
BeadChips (Illumina), performed on lung tissue from mice exposed to filtered
air or cigarette smoke for 6 months, plus LTBR-Ig fusion or control Ig (80 pg
intraperitoneally, weekly) therapeutically from 4 to 6 months (n=3 mice per
group). b, Principal component analysis of normalized z-scored mass
spectrometry intensities from proteomics of whole lunglysates from mice
exposedtofiltered air (n=6) or cigarette smoke for 6 months, plus LTBR-Ig
fusion (n=7) or controllg (n=4) (80 pgintraperitoneally, weekly) from 4 to

6 months. ¢, Heat map depicting the top 20 up and down LTBR-Ig regulated
genes presented as fold change (FDR <10%) from the microarray data
describedina. Left, expressionin mice exposed to cigarette smoke plusIg
relative to mice exposed to filtered air. Right, expression in mice exposed to
cigarette smoke plus LTBR-Igrelative to mice exposed to cigarette smoke plus
Ig.d, GSEA of the NIK (non-canonical) NF-kB signalling (GO:0038061) pathway
ofthe microarray datafroma. e, Heat map of significantly regulated proteins
fromthe NIK (non-canonical) NF-kB signalling (GO:0038061) pathway as
determined by Student’s ¢-test statistic from the proteomics datadescribed in
b.f, GSEA of the NIK (non-canonical) NF-kB signalling (GO:0038061) pathway
ofthe normalized proteome data described inb. g, Representative images of
twoindependent experiments ofimmunohistochemical analysis for RELBin

lung sections from B6 mice exposed tofiltered air or cigarette smoke for 4 or

6 months, plus LTBR-Ig fusion or control Ig (80 pgintraperitoneally, weekly)
prophylactically from 2 to 4 months and analysed at 4 months, and
therapeutically from 4 to 6 months and analysed at 6 months (brown signal
indicated by arrowheads, nuclei counterstained with haematoxylin). Scale bar,
25 um. h, Quantification of RELB-positive alveolar epithelial nuclei fromthe
immunohistochemistry sectionsin g (n=3 mice per group). i, Representative
images of twoindependent experiments of immunohistochemical analysis for
RELAinlungsections from the mice described in g (brownsignalindicated by
arrowheads, nuclei counterstained with haematoxylin). Scale bar, 25 pm.
j,Quantification of RELA-positive alveolar epithelial nuclei from the
immunohistochemistry sectionsini(n=3 mice per group). k, nRNA
expression levels of Ccl2, Ccl3, Cxcll and Tnfdetermined by qPCRin whole lung
fromthe micedescribedin g (n=4 mice per group, repeated twice, pooled data
shown).l, mRNA expression levels of LTA, CXCL13 and TNF determined by qPCR
inexvivo human precision-cut lungslices stimulated for 24 h with LPS

(10 pg ml™) in the presence or absence of human LTBR-Ig fusion protein
(1pgml™) (n=3independent experiments from three separate lungs). Left
image shows arepresentative picture of preparingalungslice fromthe three
independent experiments. Dataare mean +s.d. Pvalues determined by one-
way ANOVA multiple comparisons Bonferroni test.
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Extended DataFig. 6 | LTBR-Ig treatmentreverses airway remodellingand
comorbiditiesin mice chronically exposed to cigarette smoke.

a, Representative images of Masson’s Trichrome stained lung sections from B6
mice exposed tofiltered air or cigarette smoke for 4 or 6 months, plus LTBR-Ig
fusion protein or controlIg (80 pgintraperitoneally, weekly) prophylactically
from2to4 monthsand analysed at4 months, and therapeutically from 4 to

6 months and analysed at 6 months (n=4 mice per group, repeated twice).
Scalebar,200 pm. These are low-magnificationimages of the sections
depicted and quantified in Fig. 2c, d. b, Representative images of
immunohistochemical analysis for collagen I (red signal, nuclei counterstained
with haematoxylin) in lung sections from B6 mice described ina. Scale bar,

100 um. ¢, Quantification of small airway collagen deposition normalized to
thesurfaceareaof airway and vessel basement membrane from the sectionsin
b (n=7miceFA, 7 mice CS+lg, 7 mice CS+LTBR-Ig groups, from two
independentexperiments).d, Representative images ofimmunohistochemical
analysis for phosphorylated SMAD2 in lung sections from mice describedina

(red signalindicated by arrows, nuclei counterstained with haematoxylin)
(n=4micepergroup, repeated twice). Scalebar, 25um. e, mMRNA expression
levels of Ppargcla and Mcat determined by qPCR in gastrocnemius muscle from
6-month mice describedina(n=4 mice per group, repeated twice, pooled data
shown). f, Four-paw muscle strength testin mice at 6 months treated as
describedina(n=8mice pergroup).g, Schematic representation of the LTBR-
Ig treatment protocol inaged mice. h, Representativeimages of lung sections
stained with H&E and Masson’s Trichrome from 12-month-old B6 mice exposed
tofiltered air or cigarette smoke for 4 months, plus LTBR-Ig fusion protein or
controlIg (80 pgi.p., weekly) from 2 to 4 months and analysed at4 months (n=5
mice FA, Smice CS+lg, 7/8 mice CS+LTBR-Ig groups, repeated twice). Scale bar,
50 um. These are low magnificationimages of the sections depicted and
quantified in Fig. 2f, g.) Dataare mean +s.d. Pvalues determined by one-way
ANOVA multiple comparisons Bonferronitest (c) or Student’s two-tailed t-test
(e,f).
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Extended DataFig.7 | Disease developmentis notattenuated by LTBR-Ig
treatmentiniBALT independent emphysema. a, Schematicrepresentation
ofthe LTBR-Ig treatment protocolin mice exposed to asingle oropharangeal
application of PPE or PBS control. b, mRNA expression level fold changes (FC)
of Lta, Tnfsf14, Ltbrand Tnfrelative to Hprt,determined by qPCR in whole lung
from B6 mice treated witha single oropharyngeal application of PBS (n=8) or
PPE (40 Ukg ' body weight) and analysed after 3 months (n=7) or 4 months of
chronicexposure to cigarette smoke (n=8 mice per group). c, Representative
images ofimmunohistochemical analysis for B220-positive B cellsand CD3-
positive T cells (brown signal, indicated by arrowheads, nuclei counterstained
with haematoxylin) in lung sections from mice treated with PBS or PPE as
describedinb, plus mice treated with PPE followed by LTBR-Ig fusion protein
(80 pgintraperitoneally, weekly) 28 days later for 2months (n=8 mice per
group, repeated twice). Scale bar, 50 pm. d, Lymphocyte countsin the BAL fluid
fromthe micedescribedin c plus mice exposed to cigarette smoke for

4 months (n=8 mice per group). e, Representative images of in situ

hybridization analysis for Ltaand Ltbin lung sections from mice describedinc,
plussplenic positive controls (brown staining, nuclei counterstained with
haematoxylin) (n=4 mice per group, repeated twice). Scale bar, 50 pm.
f,Representative images ofimmunohistochemical analysis for RELA and RELB
inlungsections from B6 mice described in ¢ (brown signalindicated by
arrowheads, nuclei counterstained with haematoxylin) (n =4 mice per group,
repeated twice). Scale bar, 50 pm. g, Representative images of H&E-stained
lung sections from mice described in ¢ (n=8 mice per group, repeated twice).
Scalebars,200 pumand 50 um (inset). h, Emphysemascoring (1-5; 5 most
severe) of lung sections fromf(n=5mice PBS, 5mice PPE,7 mice PPE+LTBR-Ig
groups). i, Diffusing capacity of carbon monoxide (DF ) in the lungs of mice
describedinc(n=8mice PBS, 7 mice PPE, 8 mice PPE+LTBR-Ig groups).

j, Dynamic compliance (Cdyn) pulmonary function data from the mice
describedinc(n=8mice PBS, 7 mice PPE, 8 mice PPE+LTBR-Ig groups). Dataare
mean ts.d. Pvalues determined by one-way ANOVA multiple comparisons
Bonferronitest.
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Extended DataFig. 8| Inhibiting LTBR-signalling suppresses
cigarette-smoke-induced apoptosis. a, Representative images of
immunohistochemical analysis for cleaved caspase-3in lung sections from
healthy participants and patients with COPD (n=35, brown signal indicated by
arrowheads, nuclei counterstained with haematoxylin). Scale bar, 50 um.

b, Quantification of alveolar epithelial cells positive for cleaved caspase-3 from
thelungsectionsstainedina.Dataare mean+s.d. (n=5patients per group).
P=0.0079, Mann-Whitney two-sided test.c,d, GSEA of apoptosis (Hallmark
collection) intranscriptomicarray data from publicly available array data of
lungtissue (GSE47460-GPL14550) from healthy participants (n=91) versus
patients with COPD (n=145) (c) and the lungs of B6 mice after exposure for

6 months to filtered air, cigarette smoke plusIg, or cigarette smoke plus LTBR-
Ig fusion protein therapeutically (n=3 mice per group) (d). e, Box and whiskers
plot (box representing 25th-75th percentile, median line indicated and Tukey
whiskersrepresenting +1.5 xIQR) showing the relative score for apoptosis
(Hallmark collection) in AT2 cells after scRNA-seq analysis of lungs from B6
mice after exposure for 6 months to filtered air (n=3 mice per group), cigarette
smoke plus Ig (n=5mice per group) or cigarette smoke plus LTBR-Ig fusion
protein (n=5mice per group) therapeutically. Statistical significance was
determined by Wilcoxon rank-sum two-sided test on normalized, log-
transformed count values and corrected with Benjamini-Hochberg.

f, g, Proteome analysis of whole lung lysates from mice exposed to filtered air
(n=6)or cigarette smoke for 6 months, plus LTBR-Ig fusion (n=7) or control Ig
(n=4) (80 pgintraperitoneally, weekly) from 4 to 6 months was undertaken.

f, Heat map of the significantly regulated proteins from the Hallmark apoptosis
list as determined by Student’s two-sided t-test. g, GSEA of the Hallmark
apoptosislistonthe normalized proteome data. h, Representative images of

immunohistochemical analysis for cleaved caspase-3inlung sections from B6
mice exposed tofiltered air or cigarette smoke for 4 and 6 months, plus
LTBR-Ig fusion protein or controllg (80 pgintraperitoneally, weekly)
prophylactically from2to4 months and analysed at 4 months, and
therapeutically from 4 to 6 months and analysed at 6 months (n=4 mice per
group, brownsignalindicated by arrowheads, nuclei counterstained with
haematoxylin). Scale bar, 50 pm. Quantification of cleaved caspase-3-positive
alveolar epithelial cells from theimmunohistochemistry sections also shown.
i, Westernblot analysis for cleaved caspase-3 (c-Cas-3) in total lung
homogenate frommice describedin h, quantificationrelative to 3-actin
(prophylacticgroups:FAn=7,CS+lgn=7,CS+LTBR-Ig n=6 mice per group,
therapeuticgroups:FAn=6,CS+Ilgn=>5, CS+LTBR-Ig n=6 mice per group,
pooled fromtwo independent experiments), individual mice shown. For gel
source datasee SupplementaryFig.1.j-1, The mouse AT2-like cell line LA4 was
stimulated with LTBR-Ag (2 pg mlI™), recombinant mouse TNF (Ingml™) ora
combination of both, in the presence or absence of necrostatin-1(Necl, 50 M)
(j) and (k) or Z-Val-Ala-DL-Asp-fluoromethylketone (z-VAD, 20 uM) (I).
Apoptosis was assessed at 6 h (j-1) and 24 h (k, I) by flow cytometric analysis of
annexinVand propidiumiodide (PI) staining (n=2-3, repeated twice, pooled
datashownink).m,n, Wound-healing assay in LA4 cells grown to confluence,
scratched and thenincubated with LTBR-Ag (2 pg m1™), recombinant mouse
TNF (1ngml™) oracombinationofboth, in the presence or absence of
necrostatin-1(50 uM). m, Representative imagesat O hand 56 hafter scratch
areshown (n=4fromone experiment).Scale bar,200 um. n, Degree of wound
closure (100% representing fully closed) at 56 h (n=4). Dataare mean +s.d.
Pvalues determined by one-way ANOVA multiple comparisons Bonferronitest
(h,i,k,1,n).
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Extended DataFig.9|LTPR stimulation regulates WNT/B-catenin-
signalling. a, GSEA of canonical WNT signalling (GO: 0060070) and 3-catenin/
TCF transcription factor complex assembly (GO:1904837) in transcriptomic
array data from the lungs of B6 mice after 6 months exposure to filtered air,
cigarette smoke pluslg, or cigarette smoke plus LTBR-Ig fusion protein
therapeutically (n=3 mice per group) and publicly available array data
fromlung tissue (GSE47460-GPL14550) of healthy participants (n=91)

versus patients with COPD (n=145). b, Representative images of
immunohistochemical analysis for AXIN2 in lung sections from healthy
participants (n=6) and patients with COPD (n=_8) (brown signal indicated by
arrowheads, nuclei counterstained with haematoxylin). Scale bar, 50 um.

¢, mRNA expression levels of NkdIand LgrSrelative to Hprtin primary mouse
AT2 cellstreated with LTBR-Ag (2 pg mI™) for 24 h, with or without mouse
rWNT3A (100 ngml™) (n=5individual experiments). d, mRNA expression levels
of Tcf4 relative to Hprtin the LA4 cells stimulated with LTBR-Ag (2 pug mI™) or
recombinant mouse TNF (Ing ml™) (n=3, repeated three times). e, nRNA
expression levels of Tcf4 relative to Hprtin LA4 cells stimulated with

LTBR-Ag (2 pg mI™) plus recombinant mouse TNF (1ng mI™) with or without
necrostatin-1(50 uM), and the IKK kinase inhibitors TPCA-1 (10 uM) or BAY 11-
7082 (10 uM) (n=2, repeated twice). f, mMRNA expression levels of AXIN2 relative
to HPRT and normalized to vehicle,in human A549 cells treated with human
LTBR-Ag (0.5 pg ml™) for 24 hwith or without TPCA-1(5 pM) (n=3 independent
experiments). g, WNT/B-catenin luciferase reporter activity in mouse MLE12
cells, activated by GSK-3f inhibitor (CHIR99021,1uM) and treated with LTBR-
Agatthe concentrationsindicated for 24 h (activity relative to CHIR alone,

n=2-9).h, Westernblot analysis for B-cateninin MLE12 cells treated with LTBR-
Ag (2 pug ml™) for 24 hwith or without mouse rWNT3A (100 ng miI™) plus
bortezomib (10 nM). Quantification relative toactinshown (n=3independent
experiments). For gel source data, see Supplementary Fig.1.i, nRNA
expression levels of TCF4 relative to HPRT in ex vivo human precision-cut lung
slices stimulated for 24 hwith recombinant human TNF (20 ng mI™) or LTBR-Ag
(2pgml™) for 24 h (n=>5slices fromindividual lungs).j, Westernblot analysis for
B-cateninin MLE12 cells treated with mouse rWNT3A (200 ng ml™) and
TNFSF14 (200 ng mI™) for 30 h. Quantification relative to vinculinshown (n=3
independent experiments). For gel source data, see Supplementary Fig. 1.
k-m, B6 mice were treated with asingle oropharyngeal application of PBS
(n=8),PPE (40 Ukg'body weight) (n=7 mice per group) or PPE followed by
LTBR-Ig fusion protein (80 pgintraperitoneally, weekly) 28 days later for
2monthsand all analysed after 3 months (n=8 mice per group); see Extended
DataFig.7a.k, mRNA expressionlevels of Axin2, Bcl91, Cdh1, Dvl1, Gsk3b,
RabSa, Tcf4, Wifl, Wnt2 and Wnt4 relative to Hprt, determined by gPCRin whole
lung.1, Representative images ofimmunohistochemical analysis for TCF and
AXIN2inlungsections fromthe mice described (n=4 mice per group, brown
signalindicated by arrowheads, nuclei counterstained with haematoxylin).
Scale bar, 25 pm. m, Quantification of alveolar epithelial cells positive for TCF4
and AXIN2 froml. Datashown asindividual lungs (c, i) ormean +s.d. (d-h,j, k
and m). Pvalues determined by one-tailed (c) or two-tailed (i) paired Student’s
t-test, two-tailed unpaired Student’s t-test (h, j) or one-way ANOVA multiple
comparisons Bonferronitest (d-g (comparedto vehicleing), k, m).
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Extended DataFig.10|LTBR-stimulationregulateslungrepairand
regeneration by modulating WNT/B-catenin-signalling. a, Schematic
representation of the experimentin which B6 mice were exposed to filtered air
(n=5)or cigarette smoke for 6 months plus control Ig (n=35), LTBR-Ig fusion
protein (80 pgintraperitoneally, weekly, n=5), LTBR-Ig fusion protein plus
B-catenin/CBPinhibitor PRI-724 (0.6 mgintraperitoneally, twice weekly, n=6)
or CHIR99021(0.75 mgintraperitoneally, weekly, n=5) from 4 to 6 months, and
analysed at 6 months. b, nRNA expression levels of Lth, Tnfsf14 and Ltbrrelative
to Hprt, determined by qPCRin whole lung from the mice describedina
(FAn=5,CSpluscontrollgn=5,LTBR-Ign=5,LTRR-Ig + PRI-724 n=6 and
CHIR99021 n=5mice per group). ¢, Representative images of
immunohistochemical analysis for CD3" T cellsand B220" B cells (brown signal,
nuclei counterstained with haematoxylin) in lung sections from the mice

describedina.Scalebar,100 um.d, mRNA expression levels of Axin2 relative to
Hprt, determined by qPCRin whole lung from the mice describedina (FAn=S5,
CSpluscontrollgn=>5,LTRR-1gn=35, LTRR-Ig+PRI-724 n=6 and CHIR99021
n=5micepergroup). e, Schematic representation of human lung organoid
experiments. f, Representative images and quantification of lung organoids
from primary human AT2 epithelial cells cultured for 14 days with or without
human LTBR-Ag (2 pg ml™) and LiCl (SmM) (n=2replicates from 2 separate
donors).Scalebar, 500 pm. g, Schematic representation of the re-ignition of
repairand regeneration pathwaysin AT2 lung cells after LTBR-Ig therapyin
bothyoungand aged mice chronically exposed to cigarette smoke. Dataare
mean ts.d. Pvalues determined by two-tailed Student’s ¢-test (d) or one-way
ANOVA multiple comparisons Bonferroni test (f).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Organoids were imaged using a Cytation1 cell imaging reader running Gen5 v3.08 software (Biotek).
Lung Function measurements were acquired using the flexiVent system running Flexiware v7.6.4 software (Scireq) and gases for diffusion
capacity using a 3000 Micro GC Gas Analyser (Infinicon) running EZ 1Q software v3.3.2 (Infinicon).
Single cell RNA-sequencing was carried out using the Drop-seq pipeline v2.3.0 (https://github.com/broadinstitute/Drop-seq) and STAR
(v2.5.3a) for the alignment of reads to the mm10 reference genome.
Proteomics were generated by running trypsin digested proteins on a UltiMate 3000 UHPLC system and eluting peptides have been
analyzed by an online coupled Q-Exactive-HF-X mass spectrometer running software version Exactive Series 2.9 (Thermo Fisher
Scientific).
Micro array data was obtained using Mouse Ref-8 v2.0 Expression BeadChips (lllumina) and processed using the GenomeStudioV2010.1
software (gene expression module version 1.6.0) in combination with the MouseRef-8_V2_0_R3_11278551_A.bgx annotation file.
Flow cytometry data was acquired using FACSDiva software v6.1.3 ran on a BD FACSCanto Il (apoptosis analysis) or FACSDiva software
v8.0.1 ran on a BD FACSFortessa (lung tissue).
gPCR data was obtained using a StepOnePlus™ 96 well Real-Time PCR System running StepOne software v2.3 (Applied Biosystems).
Histology images were aquired using Zeiss Mirax Microimmaging slide scanner running MIRAXDESK v1.12.25.1 and Mirax viewer
v1.12.22.0 software (Zeiss, 3D Histech).
Multiplex immunofluorescence images were processed using FlJl and the FlJI plugin HyperStackReg V5.6 and ImageJ plugin
HyperStackReg V5.6 (http://doi.org/10.5281/zenodo.2252521).
Western blot bands were detected and quantified using the Chemidoc XRS+ system running ImagelLab v5.2.1 software (Bio-Rad) or
ImageJ (v1.490).
Luciferase activity was determined using a luminescence plate reader (Berthold Technologies) running MikroWin v4.41 (Berthold
Technologies).

Data analysis Organoids were quantified through Imagel v1.52a software.
Single cell RNA-sequencing downstream analysis was performed using the Scanpy package (https://github.com/theislab/Scanpy). All code
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used for data visualization of the single cell RNA-Seq data can be found at https://github.com/theislab/2020_Inhibition_LTbetaR-
signalling.

The MaxQuant software v1.6.12.0 (https://www.biochem.mpg.de/6304115/maxquant) was used to process proteomics data and the
Perseus software package v1.6.10.50 (https://www.biochem.mpg.de/6304220/perseus) for further analysis.

CARMAweb v1.6 was used for quantile normalization and statistical analysis. CARMAweb v1.6 includes R version 3.2.3, maDB 1.10.3,
limma 3.26.9 and preprocessCore 1.32.0.

Heat maps of micro array and qPCR data were generated by Genesis software (Release 1.7.7, Institute for Genomics and Bioinformatics,
Graz University of Technology).

Flow cytometry data was analysed using FACSDiva v6.1.3 (apoptosis analysis), Flowlogic v7.3 and FlowJo v10.6.1 software (lung tissue
analysis).

Multiplex immunofluorescence quantitation was performed using llastik v1.3.3post2 (www.ilastik.org) and CellProfiler v3.1.9 (https://
www.nature.com/articles/nmeth.1984).

Histology data was analysed using the computer-assisted stereological toolbox software Visopharm Integrator System (VIS) v6.0.0.1765
(newCAST, Visiopharm).

AxioVision v4.9.1.0 software (Zeiss) to calculate wound surface area.

Luminescence values were analysed with WinGlow Software MikroWin v4.41 (Berthold Technologies).

GSEA software from the Broad Institute v4.0.1 was used to determine the enrichment of gene lists in microarray and proteomics data,
with gene lists also obtained from Ingenuity Pathway Analysis (IPA) Spring Release 2016 (Qiagen).

Microsoft Excel v 14.0.7237.5000 (part of Microsoft Office Professional Plus 2010) for normalisation and analysis of downloaded series
matrix files from the NCBI GEO databases described below.

Statistical analyses were conducted using GraphPad Prism v6.00 or v8.2.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Microarray data was submitted to the NCBI Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) accession number GSE125521.
Single cell RNA-Seq data was submitted to the NCBI GEO database accession number GSE151674.

All code used for data visualization of the single cell RNA-Seq data can be found at https://github.com/theislab/2020_Inhibition_LTbetaR-signalling.

Single cell RNA-Seq metadata can be found in Supplementary Table 39.

Proteomics data can be found in Supplementary Table 40.

Series matrix files were also downloaded from the NCBI GEO databases: GSE47460-GPL14550, GSE37768, GSE56768 and GSE52509.

Proteomic peak lists were searched against the mouse Uniprot FASTA database (version November 2016) https://www.uniprot.org/proteomes/UP000000589.
All other data supporting the findings of this study are available within the paper and Supplementary Information.

Source Data for Figs. 1-4 and Extended Data Figs. 1-10 are provided with the paper.

All data are also available from the corresponding authors upon reasonable request.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample sizes were chosen based upon similar studies from the literature by
ourselves and others and sufficient to detect statistically significant differences between groups. Please see doi:10.15252/emmm.201708349,
doi:10.1084/jem.20160675 and doi:10.1038/nm.4021. The sample sizes were adequate as the differences between experimental groups were
reproducible.

All sample sizes for every group can be found in the figure legends.

Data exclusions  Inall experiments values measured met QC criteria (eg. effective staining or gene expression), which was predetermined, no data was
excluded post analysis.

Replication All findings were reliably reproduced, with group sizes and the number of independent repeats described in the figure legends.

Randomization  Mice were randomly assigned into experimental groups. Human lung tissue from explanted lungs of transplant patients was taken based upon
a clinical diagnosis of COPD see Supplementary Table 1, for controls random unused donor lungs were collected from lungs declined for
transplant after second opinion inspection because of kidney tumor, logistics or presence of microthrombi. Human lung tissue from patients
who underwent lung tumor resection was used for the preparation of precision cut lung slices and slices were randomly assigned to
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experimental groups. Primary human AT2 cells were isolated from fresh human lung tissue of de-identified healthy donors and randomly
assigned to experimental groups. For in vitro cell culture experiments wells were randomly assigned to experimental groups.

Blinding Quantitative morphometry on lung sections was undertaken by readers blinded to the study groups. Microarray experiments and analysis was

undertaken by personnel blinded to the study groups. Blinding was not carried out for other experiments to verify that each experiment
contained all groups and appropriate controls.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
|:| |Z| Antibodies |Z| |:| ChlIP-seq
[]IX] Eukaryotic cell lines ] Flow cytometry
XI|[ ] palaeontology X[ ] MRI-based neuroimaging
[ JIX] Animals and other organisms
|:| |Z| Human research participants
X|[ ] clinical data
Antibodies
Antibodies used Agonistic antibody to mouse LTBR, clone ACH6, used at 2ug/ml, kindly supplied by Jeffrey Browing (Biogen Idec)

Agonistic antibody to human LTBR, clone BS1, used at 0.5-2ug/ml, kindly supplied by Jeffrey Browing (Biogen Idec)

Immunohistochemistry:

RelA/p65, clone A, 1:500, Cat. No. sc-109, Santa Cruz

RelB, clone C-19, 1:400, Cat. No. sc-226, Santa Cruz

CD20, clone L26, 1:100, Cat. No. MSK008, Zytomed Systems

B220, clone RA3-6B2, 1:3000, Cat. No. 553084, BD Biosciences

CD3, clone SP7, 1:500, Cat. No. RBK024, Zytomed Systems

CD63, polyclonal, 1:100, Cat. No. ab125212, Abcam

Collagen I, polyclonal, 1:250, Cat. No. ab21286, Abcam

pSMAD?2, polyclonal, 1:500, Cat. No. AB3849, Merck Millipore

LTB, clone B27, 1:1000, kindly supplied by Jeffrey Browing, Biogen Idec
cleaved caspase3, polyclonal, 1:300, Cat. No. 9661, Cell Signaling Technology
TCF4, polyclonal, 1:100, Cat. No. ab185736, Abcam

Axin2, polyclonal, 1:2000, Cat. No. ab32197, Abcam

Multiplex Immunofluorescence:

B220, clone RA3-6B2, 1:500, Cat. No. 103202, BioLegend

CD4, clone 4SM95, 1:200, Cat. No. 14-9766-82, ThermoFisher
CD8a, clone 4SM15, 1:200, Cat. No. 14-0808-82, ThermoFisher
IBA1, polyclonal, 1:1000, Cat. No. 100369-764, VWR

iNOS, polyclonal, 1:100, Cat. No. ab15323, Abcam

CD206, polyclonal, 1:500, Cat. No. 18704-1-AP, ProteinTech
anti-Rabbit 555, 1:500, Cat. No. 4413S, Cell Signaling
anti-Rabbit 647, 1:500, Cat. No. 4414S, Cell Signaling

anti-Rat 647, 1:500, Cat. No. 4418S, Cell Signaling

Western Blotting:

RelB, clone D7D7W, 1:1000, Cat. No. 10544, Cell Signaling

p52 (and p100), polyclonal, 1:1000, Cat. No. 4882, Cell Signaling
cleaved caspase-3, polyclonal, 1:1000, Cat. No. 9661, Cell Signaling
beta-catenin, clone 14, 1:1000, Cat. No. 610154, BD Biosciences
beta-actin, clone AC-15, 1:50000, Cat. No. A3854, Sigma-Aldrich
vinculin, clone 7F9, 1:1000, Cat. No. sc-73614, Santa Cruz

tubulin, clone B-5-1-2, 1:5000, Cat. No. T6074, Sigma-Aldrich

Flow cytometry:

CCR2-BV650, clone SA203G11, 1:100, Cat. No. 150613, BioLegend
CD103-APC, clone 2E7, 1:100, Cat. No. 121414, BioLegend

CD11b-eF450, clone M1/70, 1:400, Cat. No. 48-0112-82, Thermofisher
CD11b-BV570, clone M1/70, 1:400, Cat. No. 101233, BioLegend
CD11b-APC, clone REA592, 1:200, Cat. No. 130-113-802, Miltenyi Biotec
CD11c-PerCpCy5.5, clone N418, 1:200, Cat. No. 45-0114-82, Thermofisher
CD11c-BV510, clone HL3, 1:200, Cat. No. 562949, BD Biosciences
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CD11c-AF700, clone N418, 1:200, Cat. No. 117320, BioLegend
CD127-FITC, clone a7r34, 1:200, Cat. No. 135007, BioLegend
CD19-PerCpCy5.5, clone 1D3, 1:400, Cat. No. 5511001, BD Biosciences
CD19-PE-Vio 770, clone REA749, 1:200, Cat. No. 130-112-037, Miltenyi Biotec
CD206-AF647, clone C068C2, 1:400, Cat. No. 141712, BioLegend
CD25-BV711, clone pc61, 1:200, Cat. No. 102049, BioLegend

CD4-AF700, clone RM4-5, 1:200, Cat. No. 100536, BioLegend
CD44-PE-Cy7, clone im7, 1:200, Cat. No. 103029, BioLegend

CD45-BV510, clone 30-F11, 1:200, Cat. No. 103138, BioLegend
CD45-APC-Cy7, clone 30-F11, 1:400, Cat. No. 557659, BD Biosciences
CD45-BV785, clone 30-F11, 1:800, Cat. No. 564225, BD Biosciences
CD62L-Dazzle, clone MEL-14, 1:200, Cat. No. 104448, BioLegend
CD68-APC-Cy7, clone FA-11, 1:200, Cat. No. 137024, BioLegend

CD69-PE, clone H1.2F3, 1:200, Cat. No. 104508, BioLegend
CD8-PCP-Cy5.5, clone 53-6.7, 1:200, Cat. No. 100734, BioLegend

CD86-PE, clone GL1, 1:400, Cat. No. 12-0862-83, Thermofisher
CX3CR1-BV711, clone SA0O11F11, 1:400, Cat. No. 149031, BioLegend
EOMES-PE-Cy7, clone dan11mag, 1:200, Cat. No. 25-4875-82, Thermofisher
F4/80-PE-Cy7, clone BM8, 1:200, Cat. No. 50-4801-80, Thermofisher
F4/80-BV650, clone BM8, 1:200, Cat. No. 123149, BioLegend
FoxP3-AF647, clone MF-14, 1:200, Cat. No. 126407, BioLegend

GL7-Pacific Blue, clone GL7, 1:100, Cat. No. 144614, BioLegend

1gG-FITC, Poly4053, 1:100, Cat. No. 405305, BioLegend

Ki67-BV421, clone solals, 1:500, Cat. No. 48-5698-80, eBioscience
Ly6C-AF488, clone HK1.4, 1:400, Cat. No. 128021, BioLegend

Ly6G-AF700, clone 1A8, 1:400, Cat. No. 561236, BD Biosciences
MerTK-BV480, clone 108928, 1:200, Cat. No. 747896, BD Biosciences

MHC II-FITC, clone M5/114.15.2, 1:400, Cat. No. 107606, Biolegend

MHC II-PerCP-Vio700, clone REA813, 1:200, Cat. No. 130-112-391, Miltenyi Biotec
NK1.1-BV711, clone PK136, 1:200, Cat. No. 108745, BioLegend

NK1.1-PE, clone PK136, 1:400, Cat. No. 553165, BD Biosciences
NKp46-Dazzle, clone 29A1.4, 1:200, Cat. No. 137630, BioLegend
PD-1-BV605, clone 29f.1a12, 1:200, Cat. No. 135220, BioLegend
PD-L1-BV711, clone MIHS5, 1:400, Cat. No. 563369, BD Biosciences
Siglec-F-BV421, clone E50-2440, 1:200, Cat. No. 565934, BD Biosciences
Thet-BV421, clone 4b10, 1:200, Cat. No. 644832, BioLegend

TCF1-FITC, clone C63D9, 1:200, Cat. No. 6444S, Cell Signaling
TCRbeta-BV650, clone H57-597, 1:200, Cat. No. 742483, BD Biosciences
TCRbeta-PE-Cy7, clone H57-597, 1:400, Cat. No. 25-5961-82, Thermofisher
Tim3-APC, clone RMT3-23, 1:200, Cat. No. 119706, BioLegend
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Validation Antibodies were titred out based on recommendations by the respective manufactures. Validation of commercial antibodies was
undertaken on a regular quality control of each lot by the manufacturer (e.g. Biolegend "Each
lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis."

For validation of the agonistic anti-LTBR antibodies clone BS1 and ACH6 supplied by Jeffrey Browing (Biogen Idec) please see the
following publications: PMID: 23349015 and PMID: 17018619

For validation of anti-LTB, clone B27, supplied by Jeffrey Browing (Biogen Idec) used in immunohistochemistry please see:
PMID: 26398497.

Validation of commercial antibodies please see:

Immunohistochemistry

RelA/p65, clone A, Cat. No. sc-109, Santa Cruz, PMID: 29287688 and PMID: 27793764
RelB, clone C-19, Cat. No. sc-226, Santa Cruz, PMID: 27217485 and PMID: 26042424

CD20, clone L26, Cat. No. MSK008, Zytomed Systems, PMID: 3881477 and PMID: 6376628
B220, clone RA3-6B2, Cat. No. 553084, BD Biosciences, PMID: 29793924

CD3, clone SP7, Cat. No. RBK024, Zytomed Systems, PMID: 9023553 and PMID: 2553046
CD68, Cat. No. ab125212, Abcam, PMID: 31774937 and PMID: 31782624

Collagen I, Cat. No. ab21286, Abcam, PMID: 31940494 and PMID: 31166803

pSMAD?2, Cat. No. AB3849, Merck Millipore, PMID: 31609088 and PMID: 28806779

cleaved caspase3, Cat. No. 9661, Cell Signaling Technology, PMID: 32096822 and PMID: 32060280
TCF4, Cat. No. ab185736, Abcam, PMID: 30930294 and PMID: 28627514

Axin2, polyclonal, 1:2000, Cat. No. ab32197, Abcam, PMID: 31488864 and PMID: 25383518

Multiplex Immunofluorescence

B220, clone RA3-6B2, Cat. No. 103202, BioLegend, PMID: 15314695, 17529982, 20512127
CD4, clone 4SM95, Cat. No. 14-9766-82, ThermoFisher, PMID: 26847386, 29186654
CD8a, clone 4SM15, Cat. No. 14-0808-82, ThermoFisher, PMID: 27656328

IBA1, Cat. No. 100369-764, VWR, PMID: 32607882

iNOS, Cat. No. ab15323, Abcam, PMID: 31426846

CD206, Cat. No. 18704-1-AP, ProteinTech, PMID: 27845069, 23482450

anti-Rabbit 555, Cat. No. 4413S, Cell Signaling, PMID: 28165507

anti-Rabbit 647, Cat. No. 4414S, Cell Signaling, PMID: 27430169

anti-Rat 647, Cat. No. 4418S, Cell Signaling, PMID: 25392531
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Eukaryotic cell lines

Western Blotting

RelB, clone D7D7W, Cat. No. 10544, Cell Signaling, PMID: 31125342 and PMID: 30301887

p52 (and p100), Cat. No. 4882, Cell Signaling, PMID: 30737385 and PMID: 30250175

cleaved caspase-3, Cat. No. 9661, Cell Signaling, PMID: 31873117 and PMID: 31601814
beta-catenin, clone 14, Cat. No. 610154, BD Biosciences, PMID: 30808932 and PMID: 26935695
beta-actin, clone AC-15, Cat. No. A3854, Sigma-Aldrich, PMID: 31449520 and PMID: 30420655
vinculin, clone 7F9, Cat. No. sc-73614, Santa Cruz, PMID: 31253783 and PMID: 26442967
tubulin, clone B-5-1-2, Cat. No. T6074, Sigma-Aldrich, PMID: 31399584 and PMID: 30446640

Flow cytometry:

CCR2-BV650, clone SA203G11, Cat. No. 150613, BioLegend, PMID: 30998796

CD103-APC, clone 2E7, Cat. No. 121414, BioLegend, PMID: 29166591 and PMID: 29942093
CD11b-eF450, clone M1/70, Cat. No. 48-0112-82, Thermofisher, PMID: 30936549

CD11b-BV570, clone M1/70, Cat. No. 101233, BioLegend, PMID: PMID: 30245008

CD11b-APC, clone REA592, Cat. No. 130-113-802, Miltenyi Biotec, PMID: 32195341
CD11c-PerCpCy5.5, clone N418, Cat. No. 45-0114-82, Thermofisher, PMID: 29429633

CD11c-BV510, clone HL3, Cat. No. 562949, BD Biosciences, PMID: 30936549

CD11c-AF700, clone N418, Cat. No. 117320, BioLegend, PMID: 30833511 and PMID: 27417580
CD127-FITC, clone a7r34, Cat. No. 135007, BioLegend, PMID: 26768662

CD19-PerCpCy5.5, clone 1D3, Cat. No. 5511001, BD Biosciences, PMID: 11120817

CD206-AF647, clone C068C2, Cat. No. 141712, BioLegend, PMID: 30936549 and PMID: 31375662
CD25-BV711, clone pc61, Cat. No. 102049, BioLegend, PMID: 32358491 and PMID: 30540940
CD4-AF700, clone RM4-5, Cat. No. 100536, BioLegend, PMID: 31350404 and PMID: 29045902
CD44-PE-Cy7, clone im7, Cat. No. 103029, BioLegend, PMID: 30936549 and PMID: 30455690
CD45-BV510, clone 30-F11, Cat. No. 103138, BioLegend, PMID: 31073183 and PMID: 30076102
CD45-APC-Cy7, clone 30-F11, Cat. No. 557659, BD Biosciences, PMID: 30936549 and PMID: 30770807
CD45-BV785, clone 30-F11, Cat. No. 564225, BD Biosciences, PMID: 30936549 and PMID: 29909986
CD62L-Dazzle, clone MEL-14, Cat. No. 104448, BioLegend, PMID: 30936549

CD68-APC-Cy7, clone FA-11, Cat. No. 137024, BioLegend, PMID: 22403066

CD69-PE, clone H1.2F3, Cat. No. 104508, BioLegend, PMID: 30936549 and PMID: 29431745
CD8-PCP-Cy5.5, clone 53-6.7, Cat. No. 100734, BioLegend, PMID: 30936549 and PMID: 29942093
CD86-PE, clone GL1, Cat. No. 12-0862-83, Thermofisher, PMID: 30936549

CX3CR1-BV711, clone SAO11F11, Cat. No. 149031, BioLegend, PMID: 30936549 and PMID: 29548673
EOMES-PE-Cy7, clone dan11mag, Cat. No. 25-4875-82, Thermofisher, PMID: 30451838 and PMID: 28844693
F4/80-PE-Cy7, clone BM8, Cat. No. 50-4801-80, Thermofisher, PMID: 30936549

F4/80-BV650, clone BM8, Cat. No. 123149, BioLegend, PMID: 30936549 and PMID: 31511510
FoxP3-AF647, clone MF-14, Cat. No. 126407, BioLegend, PMID: 27117228 and PMID: 28810147
GL7-Pacific Blue, clone GL7, Cat. No. 144614, BioLegend, PMID: 31204070 and PMID: 30231983
1gG-FITC, Poly4053, Cat. No. 405305, BioLegend, PMID: 31604929 and PMID: 24747745

Ki67-BV421, clone solal5, Cat. No. 48-5698-80, eBioscience, PMID: 28123877 and PMID: 29934585
Ly6C-AF488, clone HK1.4, Cat. No. 128021, BioLegend, PMID: 31086348 and PMID: 29867149
Ly6G-AF700, clone 1A8, Cat. No. 561236, BD Biosciences, PMID: 30936549 and PMID: 30224810
MerTK-BV480, clone 108928, Cat. No. 747896, BD Biosciences, PMID: 24553136

MHC II-FITC, clone M5/114.15.2, Cat. No. 107606, Biolegend, PMID: 30936549 and PMID: 28008921
NK1.1-BV711, clone PK136, Cat. No. 108745, BioLegend, PMID: 30232272 and PMID: 28930659
NK1.1-PE, clone PK136, Cat. No. 553165, BD Biosciences, PMID: 30936549 and PMID: 30710528
NKp46-Dazzle, clone 29A1.4, Cat. No. 137630, BioLegend, PMID: 21300822

PD-1-BV605, clone 29f.1a12, Cat. No. 135220, BioLegend, PMID: 29963060 and PMID: 28898698
PD-L1-BV711, clone MIH5, Cat. No. 563369, BD Biosciences, PMID: 11238124 and PMID: 16314434
Siglec-F-BV421, clone E50-2440, Cat. No. 565934, BD Biosciences, PMID: 11579105 and PMID: 28928446
Thet-BV421, clone 4b10, Cat. No. 644832, BioLegend, PMID: 27693353 and PMID: 30770246
TCF1-FITC, clone C63D9, Cat. No. 6444S, Cell Signaling, PMID: 28973925

TCRbeta-BV650, clone H57-597, Cat. No. 742483, BD Biosciences, PMID: 29249358 and PMID: 29136506
TCRbeta-PE-Cy7, clone H57-597, Cat. No. 25-5961-82, Thermofisher, PMID: 29249358 and PMID: 29136506
Tim3-APC, clone RMT3-23, Cat. No. 119706, BioLegend, PMID: 30469401

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

A549, #CCL-185, ATCC

LA4, #CCL-196, ATCC

MLE12, #CRL-2110, ATCC

MRC-5, #CCL-171, ATCC

The cell lines were not authenticated.

All cell lines were routinely tested, and tested negative for Mycoplasma.

No commonly misidentified cell lines used in the study.
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8 to 10 week and 12 month old pathogen-free female C57BL/6 mice were obtained from Charles River (Sulzfeld, Germany) and
housed in rooms maintained at a constant temperature of 20-24°C and 45-65% humidity with a 12 hour light cycle. Animals were
allowed food and water ad libitum.

Wild animals No wild animals were used in the study.
Field-collected samples No field-collected samples were used in the study.
Ethics oversight All animal experiments were approved by the ethics committee for animal welfare of the local government for the administrative

region of Upper Bavaria (Regierungsprasidium Oberbayern) and were conducted under strict governmental and international
guidelines in accordance with EU Directive 2010/63/EU.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Human research participants

Policy information about studies involving human research participants

Population characteristics Lung core samples from explanted lungs of COPD patients undergoing lung transplantation were used. Patient demographics are
highlighted in Supplementary Table 36. For controls, unused donor lungs were collected. Lungs were declined for various
reasons (kidney tumor, logistics, presence of microthrombi).

Tumor-free tissue from six patients who underwent lung tumor resection was used for the preparation of precision cut lung
slices (PCLS).

Fresh human lung tissue for the generation of lung organoids was obtained from de-identified healthy donors through National
Jewish hospital Human Lung Tissue Consortium (HLTC).

Recruitment Human lung tissue from explanted lungs of transplant patients was taken based upon a clinical diagnosis of COPD from patients
who underwent lung transplantation at University Hospitals (Leuven, Belgium). For controls random unused donor lungs were
collected from lungs declined for transplant after second opinion inspection at University Hospitals (Leuven, Belgium).

The Asklepios Biobank (Gauting, Germany) provided lung tissue from patients who underwent lung tumor resection, following
informed written consent. Participants were recruited randomly.

The HLTC obtains fresh lungs from Donor Alliance, our local organ procurement agency and the International Institute for the
Advancement of Medicine.

Ethics oversight Lung core samples were used following ethical approval of the University of Leuven Institutional Review Board (ML6385).
Unused donor lungs were collected under existing Belgian law which allows the use of declined donor lungs for research after
second opinion inspection.

Tissue for PCLS was provided by the Asklepios Biobank for Lung Diseases (Gauting, Germany (project number 333-10)). All
participants provided informed written consent, and the use of human tissue approved by the ethics committee of the Ludwig-
Maximillian University (Munich, Germany (project number 455-12)).

Lung tissue obtained from HLTC for the generation of lung organoids was used following ethical approval by the Institutional
Review Board of the University of Colorado and National Jewish Hospital under IRB exempt HS-2598.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Apoptosis analysis:
LA4 cells were trypsinised, washed in PBS and then apotosis levels analysed using the Annexin V Apoptosis Detection Kit APC
(eBioscience, ThermoFisher Scientific).




Instrument

Software

Cell population abundance

Gating strategy

Lung analysis:

Single cell suspension was derived by using MACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
manufacturer's instructions. Staining was performed using Live/Dead discrimination by ZombieDyeNIR according to the
manufacturer’s instructions for lymphocytes and Live/Dead discrimination by fixable viability stain FVS620 (BD) for myeloid cells.
After washing (~400g, 5min, 4°C), cells were stained in 25ul of titrated antibody master mix for 20min protected from light at 4°C
and washed again.

Apoptosis analysis:
BD FACSCanto Il flow cytometer (BD Biosciences)

Lung analysis:
Cells were analyzed using BD FACSFortessa (BD Biosciences)

Apoptosis analysis:
BD FACSDiva v6.1.3 software.

Lung analysis:
Data was obtained using BD FACSDiva v8.0.1 and analyzed using Flowlogic v7.3 and FlowJo v10.6.1.

Absolute quantification by using CountBright™ Absolute Counting Beads.

Apoptosis analysis:
Cells were gated based on size (FSC v SSC) and then analysed for AnnexinV and Pl positivity.

Lung analysis:
For tSNE representation myeloid cells were downsampled to 3000 live CD45+CD11b+ and/or CD11c+ cells; and lymphocytes
were downsampled to 5000 live CD45+ cells.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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