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Abstract

Macrophages play key regulatory roles during tissue injury and repair and are also
indispensable for tissue homeostasis and regeneration. The ability of macrophages to take on
these opposing functions in dissimilar environmental conditions results from their unique
property of functional plasticity, reflected in high phenotypic heterogeneity. Fibrosis, a result
of chronic tissue injury is hypothesized to be a consequence of erratic macrophage activation.
In this hypothesis, recurrent injury signals interfere with macrophages’ attempts to promote
repair and homeostasis resulting in a defective phenotype that drives aberrant restoration of
tissue architecture (i.e. fibrosis). Harnessing macrophage plasticity as a pharmacological
approach to reprogram pathologic macrophages to enhance homeostatic/repair phenotypes
in chronic injury conditions is an attractive strategy. However, currently our understanding of
the regulators of macrophage phenotypes in fibrosis and physiological tissue repair is
incomplete and experimental evidence that macrophages can be pharmacologically
reprogrammed to attenuate fibrosis is lacking. Thus, the overarching goal of this work was to
define macrophage phenotypes in acute and chronic lung injury and to test the hypothesis that
macrophages can be pharmacologically reprogrammed.
To provide an accurate understanding of macrophage phenotypes and functions in proinflammatory and pro-fibrotic environments, two strategies were investigated.
The first approach combined in vitro and in vivo mechanistic strategies, largely in murine
systems, to link inflammatory macrophage phenotypes to disease pathology in acute microbial
exacerbation in chronic obstructive pulmonary disease (COPD). A pro-inflammatory feedforward cellular crosstalk circuit in the lung between neutrophils, epithelium, fibroblasts and
macrophages was uncovered in which the pro-inflammatory cytokine IL-36 was pinpointed as
a critical upstream driver of lung injury. This study establishes IL-36 as an attractive
pharmacological target and identifies CXCL1 as a promising biomarker for new therapeutic
opportunities in the management of acute exacerbations in COPD.
In a second approach, bulk and single-cell RNA sequencing methods were used in
combination with in vitro and in vivo strategies to define pro-fibrotic and homeostatic/repair
human and mouse macrophage phenotypes. Additionally, the antifibrotic drug nintedanib
(Ofev®) was utilized to test the hypothesis that macrophages can be reprogrammed from a
pro-fibrotic to a homeostatic/repair phenotype. These studies demonstrate the utility and
feasibility of integrating in vivo and in vitro approaches across the human and murine species
to define macrophage phenotypes. The results challenge the current paradigm about profibrotic macrophages in fibrosis and deliver a much more sophisticated understanding and
definition of macrophage phenotypes in repair and fibrosis. Most importantly, this study has
uncovered a broader mechanism of action of the approved anti-fibrotic drug nintedanib which
1

includes that of promotion of homeostatic/repair macrophages in fibrosis. Consequently, the
data establish that human and mouse macrophages can be pharmacologically reprogrammed
in vitro and in vivo to redirect macrophage populations toward a reparative phenotype.
Accordingly, this study furthers our understanding of how to prevent progression and promote
resolution of fibrosis and provides a strong rationale for further refinement of pharmacological
strategies directed at macrophage reprogramming in order to improve the treatment success
in various fibrotic diseases.
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Zusammenfassung

Makrophagen spielen eine wichtige regulatorische Rolle bei Gewebeverletzungen und reparaturen und sind zudem für die Gewebehomöostase und -regeneration unverzichtbar. Die
Fähigkeit von Makrophagen, diese gegenläufigen Funktionen unter unterschiedlichen
Bedingungen zu übernehmen, resultiert aus ihrer einzigartigen Eigenschaft der funktionellen
Plastizität, die sich in einer hohen phänotypischen Heterogenität widerspiegelt. Derzeit wird
angenommen, dass Fibrose, eine Konsequenz chronischer Gewebeschädigung, eine Folge
von fehlgeleiteter Makrophagenaktivierung ist. Entsprechend dieser Hypothese behindern
wiederkehrende Verletzungssignale die Versuche der Makrophagen, die Reparatur und
Homöostase zu fördern, was zu einem defekten Phänotyp führt, der eine aberrante
Wiederherstellung der Gewebearchitektur (d.h. Fibrose) vorantreibt.
Ein sich daraus ergebener möglicher therapeutischer Ansatz ist, die Makrophagen-Plastizität
zur Umprogrammierung pathologischer Makrophagen in einen homöostatischen/reparativen
Phänotyp bei chronischen Verletzungen zu nutzen. Jedoch ist das derzeitige Verständnis der
Regulatoren

von

Makrophagenphänotypen

in

Fibrose

und

physiologischen

Gewebereperaturen noch rudimentär. Auch fehlen die experimentellen Beweise, dass
Makophagen überhaupt pharmakologisch umprogrammiert werden können, um die Fibrose
abzuschwächen. Aus diesem Grund ist das Ziel dieser Arbeit den Makophagenphänotypen in
akuten und chronischen Lungenverletzungen genau zu definieren und die Hypothese zu
überprüfen, dass Makophagen pharmakologisch umprogrammiert werden können. Um ein
genaueres Verständnis von Makrophagenphänotypen und Funktionen in inflammatorischen
und fibrotischen Umgebungen zu erlangen, wurden zwei Strategien verfolgt. Der erste Ansatz
kombinierte mechanistische in vitro und in vivo Ansätze, die weitgehend in murinen Systemen
untersucht wurden. Ziel war es, den inflammatorische Makrophagenphänotypen mit der
Krankheitspathologie bei akuter mikrobieller Exazerbation in der chronisch obstruktive
Lungenerkrankung (COPD) zu verknüpfen.
Es wurde eine inflammatorische zelluläre Interaktion zwischen Neutrophilen, Epithel,
Fibroblasten und Makrophagen in der Lunge nachgewiesen, in der sich das proinflammatorische Zytokin IL-36 als kritischer Verstärker von Lungenschädigungen
herausstellte. Diese Studie etablierte IL-36 als ein attraktives pharmakologisches Biomolekül
und identifizierte CXCL1 als einen vielversprechenden Biomarker für neue therapeutische
Möglichkeiten bei der Behandlung von akuten Exacerbationen bei COPD.
In dem zweiten Ansatz wurden Bulk- und Single-cell-RNA Sequenzierungsmethoden mit in
vitro

und

in

vivo

Ansätzen

kombiniert,

um

den

pro-fibrotischen

und

homöostatischen/reparativen humanen und murinen Makrophagenphänotypen zu definieren.
Zusätzlich wurde das anti-fibrotische Medikament Nintedanib (Ofev®) benutzt, um die
3

Hypothese zu überprüfen, dass Makrophagen von einem pro-fibrotischen zu einen antifibrotischen, homöostatischen/reparativen Phänotypen umprogrammiert werden können.
Diese Studien demonstrieren den Nutzen und die Umsetzbarkeit der Integration von in vivo
und

in

vitro

Ansätzen

über

humane

und

murinen

Spezies

hinweg,

um

Makrophagenphänotypen zu definieren. Die Ergebnisse stellen das derzeitige Paradigma
über pro-fibrotische Makrophagen in der Fibrose in Frage und liefern ein viel differenzierteres
Verständnis und eine genauere Definition von Makrophagenphänotypen in Reparatur- und
Fibroseprozessen. Zudem hat diese Studie einen breiteren Wirkmechanismus des
zugelassenen anti-fibrotischen Medikaments Nintedanib aufgedeckt. Es wurde gezeigt, dass
Nintedanib den Anteil an homöostatischen/reparativen Makrophagenphänotypen vermehrt.
Folglich belegen diese Daten, dass humane und murine Makophagen in vitro und in vivo
pharmakologisch umprogrammiert werden können, um Makrophagenpopulationen in
Richtung eines reparativen Phänotypen zu dirigieren. Dementsprechend hat diese Studie zum
Verständnis beigetragen, wie das Fortschreiten von Fibrose verhindert und ihre Auflösung
gefördert werden können. Sie liefert eine Rationale für eine weitere Verfeinerung von
pharmakologischen Strategien, um Makrophagen Phänotypen gezielt umzuprogrammieren
und dadurch den Behandlungserfolg bei verschiedenen fibrotischen Erkrankungen zu
verbessern.
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Introduction

3.1

Macrophages in lung repair and regeneration

Macrophages are involved in many different tissue processes and play an essential role in
host defense, tissue remodeling, wound healing, and maintenance of tissue homeostasis1–3.
The involvement of macrophages in so many different mechanisms is linked to their ability to
rapidly adapt to changes in the environment (referred to as plasticity)4. Changes in functional
phenotypes are regulated by tissue factors (e.g. cytokines) and by the intercellular
communication between macrophages, fibroblasts and epithelial cells within the respective
tissue1,5,6. This leads to a high degree in heterogeneity and to macrophages being involved in
a variety of seemingly contradictory functional processes7. Thus, macrophages can be both
drivers and regulators of disease and as such different macrophage subpopulations could
potentially play distinct roles in different disease stages. One hypothesis to account for these
features is that during chronic conditions with continuous injury, macrophages (in response to
tissue injury factors) are prevented from exhibiting a physiological repair and homeostatic
configuration and instead develop an aberrant activation phenotype that hinders physiological
tissue repair, which manifests as organ fibrosis7,8. This hypothesis also posits that in these
disease conditions macrophages are refractory to signals that would otherwise engender a
macrophage to promote physiological repair and tissue homeostasis9. Based on the premise
that macrophage plasticity can be therapeutically harnessed, an additional hypothesis posits
that macrophages with aberrant functions can be reprogrammed to ones with anti-fibrotic
phenotypes. However, in order to test these hypotheses, a detailed understanding of the
markers and pathways that characterize one phenotype versus the other need to be much
better understood4. It follows that once understood, the principles of macrophage plasticity
can be harnessed to "reprogram" macrophages into those that promote repair and resolution.
It is also crucial that in vitro generated phenotypes sufficiently approximate in vivo phenotypes,
such that pharmacological reprogramming strategies can be translated from in vitro to in vivo.
However, the discovery of macrophage focused therapeutic targets has been hampered by a
lack of knowledge about macrophage phenotypes in lung disease, especially on a functional
level (i.e. how do macrophages contribute to and promote fibrosis)10.
Over the last decades research to understand macrophage phenotypes has seemingly
ignored the phenomenon of macrophage heterogeneity and plasticity and instead been largely
restricted to studying dichotomous macrophage phenotypes: the classically activated
macrophage (induced by IFN-γ and/or LPS, referred to as M1) and the alternative activated
macrophage (AAM, also referred to as M2, induced by IL-4/IL-13)11. This dichotomous
categorization of macrophages is remarkably oversimplified and represents the extremes of a

5

continuum of polarization that probably only exists in vitro4,11–13. Therefore, it is difficult to
assign these macrophage phenotypes to a discrete function in vivo. For example, AAM could
promote either tissue repair/regeneration or fibrosis, depending on the environmental
conditions of the tissue1,14,15. In helminth infections, it has been shown with IL-4 and IL-13
inhibitors and transgenic mice that IL-4/IL-13 serve as dominant inducers of fibrosis

16–19

.

However, it was also shown that the expression of specific AAM markers, such as Arg1 can
reduce fibrosis in this context20,21.
In contrast, in non TH2 models of fibrosis, such as bleomycin induced lung fibrosis22, it has
been shown that IL-4 overexpression protects mice from fibrosis23,24. It has also been
documented that macrophages mount an essential repair program downstream of IL-4
receptor signaling that promotes wound healing25. Furthermore, AAM are important for the
resolution phase1 and inhibition of AAM can increase tissue damage25,26. These studies
support the importance of tissue environment and context. As a result, up to date there has
been a relative lack of knowledge about the genes and proteins that are expressed by
macrophages associated with various stages of lung inflammation, repair, homeostasis and
fibrosis. Undoubtedly, the unprecise understanding of AAM phenotypes and ambivalent roles
of IL-4 and IL-13 in repair and fibrosis has not only complicated but mostly impeded scientific
progress in the quest of successful of macrophage reprogramming. Thus, the primary goal of
this thesis was to generate and investigate experimental systems through which macrophage
phenotypes, specifically pro-fibrotic and homeostatic/repair ones, could be clearly defined,
sufficiently differentiated from each other, and linked to relevant in vivo tissue responses and
disease states.

3.2

Chronic obstructive pulmonary disease (COPD)

Chronic obstructive pulmonary disease (COPD) is a worldwide malady that causes high
morbidity and mortality. COPD is a heterogeneous disease with areas of inflammation,
remodeling and tissue destruction (emphysema)27–29. COPD represents a significant unmet
clinical need that requires a better understanding of disease mechanisms so that new
therapies can be developed to reduce disease activity and progression29–32.
The number of macrophages as well as neutrophils is significantly increased in COPD
whereas the neutrophil number is associated with increases of CXC-chemokine ligand 1 which
is a chemoattractant produced by macrophages28. COPD patients are very susceptible to
bacterial and viral infections. These lead to secondary inflammation and exacerbations, which
have a significant influence on the course of COPD and drive mortality27. Macrophages
secrete many inflammatory mediators that orchestrate the inflammatory response, e.g. by
activating fibroblasts and cell proliferation, resulting in airway damage and remodeling. The
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central role of macrophages in alveolar destruction as the underlying mechanism of pulmonary
emphysema has also been documented in studies of mouse models and humans with COPD33.
Current treatments for COPD target inflammatory mediators but do not reduce disease
progression and effective therapies to treat or prevent microbial exacerbations are completely
lacking. To date, no treatment is available to reduce progression (apart from smoking
cessation). Previously, a pro-inflammatory role for IL-36 in combination with neutrophils was
shown in mouse models of skin inflammation and demonstrated in human skin diseases,
particularly generalized pustular psoriasis (GPP)34–36. In this context, pharmacological
blockade of the IL-36 receptor markedly reduced diseased symptoms in patients with GPP37.
However, a role for IL-36 in COPD had been proposed but not mechanistically demonstrated.
The goal of the studies in this part of the thesis was to provide experimental evidence for IL36 as a driver of lung inflammation in COPD.

3.3

Idiopathic lung fibrosis (IPF)

Progression of fibrosis is a dynamic process with a dysregulated tissue response leading to
loss of lung function and resulting in mortality in more than 50% of patients within 3-5 years of
diagnosis8,38. The final extreme endpoint of this dynamic process is the deposition of
extracellular matrix and scar formation, which are manifestations of persistent maladaptive
tissue repair processes. This is due to futile repair attempts of aberrantly regulated cellular
phenotypes secondary to repeated or chronic epithelial injury, macrophage stimulation, and
fibroblast activation7,39–42. Yet, for this chronic lung disease the exact etiology remains
unknown and is therefore referred to as idiopathic lung fibrosis (IPF)7. Many hypotheses exist
including dysregulation of alveolar epithelial repair processes, aberrant fibroblast proliferation
and increased fibroblast to myofibroblasts transition (FMT). In addition, the disease was also
termed fibrosing alveolitis, owing to its inflammatory nature, and thus, macrophages have
since been thought to play an important role in this disease41,42. At that time, it was already
proposed that the inflammatory and immunologic processes that cause IPF could be
therapeutically targeted. Together with our advanced knowledge of macrophage biology,
specifically their intrinsic ability to adapt to different environmental conditions and to change
their phenotype (plasticity) one strategy could be to restore physiological repair and
regeneration pathways so that fibrosis can be slowed, attenuated and perhaps even reversed.
However, to make this strategy a success it is pivotal to improve our understanding of
macrophage phenotypes in fibrosis and to generate experimental evidence that demonstrates
the feasibility of macrophage reprogramming. As such, nintedanib is an approved antifibrotic
drug that acts through its broad inhibitory activity of 34 tyrosine kinases43,44 and is an attractive
tool to test the hypothesis of pharmacological reprogramming of macrophages. Based on this
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premise, the present study aimed at using nintedanib as a tool to define and differentiate profibrotic from homeostatic/repair macrophage phenotypes and to test the hypothesis that
pharmacological reprogramming of macrophages is feasible.
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4

Rationale, Hypothesis, and Aims of the Thesis

It is by now indisputably clear that macrophages are not only central drivers and coordinators
of tissue homeostasis45 but are also pivotal in governing and orchestrating organ responses
in acute and chronic injury, ranging from initiating pro-inflammatory activity, executing
physiological repair and resolution pathways, to exhibiting misguided and aberrant repair
phenotypes that culminate in fibrosis1,46,47.
While in acute injury contexts, pro-inflammatory macrophage phenotypes are quite wellunderstood48,49, there remains a considerable lack of a clear definition of pro-fibrotic versus
homeostatic/repair macrophage phenotypes. So far, studies have failed to deliver genes and
targets responsible for directing macrophages towards a pro-fibrotic phenotype or to engender
a physiological repair program. This is also true for markers that define pro-fibrotic phenotypes
and differentiate them from homeostatic/repair phenotypes11,14,16,45,50–52. The reason for this
paucity in knowledge of what characterizes and distinguishes repair from fibrotic macrophage
phenotypes is that many studies have limited their focus on the late resolution phases when
injury has subsided and repair programs have been completed and homeostasis restored;
thus, these macrophage phenotypes likely exhibit a homeostatic rather than a repair
program3,9,31,51. An alternative approach is to turn to earlier time points and attempt to identify
transcriptional repair programs while they are emerging when injury is still present53,54; this
strategy would allow for the detection of programs responsible to transition macrophages from
injury to repair. This thesis took this alternative approach into account and tested the
overarching hypothesis that during chronic inflammatory processes, macrophages are
permanently attempting to engender repair programs in the face of recurrent injury signals;
this exposes macrophages to a “side-by-side” of repair and injury cues, leaving macrophages
unable to progress/transition towards resolution; instead macrophages remain “arrested” in a
“futile repair attempt”; this manifests as an aberrant “pro-fibrotic” phenotype that drives
fibroblast activation and hinders epithelial repair.
A central impetus for the development of therapeutics that aim at reducing the aberrant
macrophage populations while promoting physiological homeostatic/repair phenotypes is to
clearly define the phenotypes of macrophages that are important in the transition from injury
to repair. A primary premise for successful therapeutic approaches directed at macrophages
is that macrophages can be phenotypically “reprogrammed”, (based on their reported ability
to quickly and profoundly adapt their phenotypes in response to environmental cues), from a
pro-fibrotic to a homeostatic/repair phenotype4. However, as mentioned above, our incomplete
understanding of pro-fibrotic and repair phenotypes and populations together with a complete
lack of demonstration of proof of principle that macrophages can be pharmacologically
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reprogrammed has hampered the design of therapeutic strategies to manipulate macrophages
into homeostatic phenotypes.
The overarching goal of this work was to provide an accurate understanding of macrophage
phenotypes and functions in pro-inflammatory and pro-fibrotic environments with the intention
to help identify candidate mechanistic features, pathways, and targets in order to refine
pharmacological approaches and diagnostic tools for achieving reprogramming of
macrophages to a phenotype that instantiates physiological repair in chronic lung diseases
such as COPD or pulmonary fibrosis.
The overarching aim of this study was to use models of IPF and COPD as tools to gain
insight into the macrophage phenotypes and the pathomechanisms through which
macrophages drive disease and to determine if and how macrophages can be reprogrammed.
To this end, in vitro systems were to be combined with mechanistic mouse models that
approximated the pathophysiology present in chronic inflammatory and tissue destructive
diseases like COPD, (focused on exacerbation) and chronic inflammatory conditions that
involve substantial tissue remodeling and result in fibrosis (IPF).
Specific aim 1 was to combine in vitro and in vivo approaches to define mechanisms through
which cytokines and macrophages drive a pro-inflammatory cellular crosstalk between
neutrophils, lung epithelial cells and fibroblasts involved in disease pathology of COPD and
viral exacerbation.
Specific aim 2 was to employ extensive bulk and single cell RNAseq approaches using in
vitro and in vivo systems that model fibrosis in order to define pro-fibrotic and
homeostatic/repair macrophage phenotypes and to determine if the anti-fibrotic drug
nintedanib would reprogram macrophages from a pro-fibrotic to a homeostatic/repair
phenotype.
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5.1.1 Abstract
IL-36, which belongs to the IL-1 superfamily, is increasingly linked to neutrophilic inflammation.
Here, we combined in vivo and in vitro approaches using primary mouse and human cells, as
well as, acute and chronic mouse models of lung inflammation to provide mechanistic insight
into the intercellular signaling pathways and mechanisms through which IL-36 promotes lung
inflammation. IL-36 receptor deficient mice exposed to cigarette smoke or cigarette smoke
and H1N1 influenza virus had attenuated lung inflammation compared with wild-type controls.
We identified neutrophils as a source of IL-36 and show that IL-36 is a key upstream amplifier
of lung inflammation by promoting activation of neutrophils, macrophages and fibroblasts
through cooperation with GM-CSF and the viral mimic poly(I:C). Our data implicate IL-36,
independent of other IL-1 family members, as a key upstream amplifier of neutrophilic lung
inflammation, providing a rationale for targeting IL-36 to improve treatment of a variety of
neutrophilic lung diseases.
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5.1.2 Introduction
The recently described IL-1 family cytokines IL-36α, IL-36β, and IL-36γ (1-3), are emerging as
contributors to acute and chronic tissue inflammation in human disease, particularly in the
neutrophilic skin disease psoriasis (4-6). In addition, experimental animal models of skin
inflammation, arthritis, and intestinal inflammation further implicate IL-36 cytokines as
important inflammatory mediators (7-11). In the lung, IL-36 has been suggested to be
important in the pathogenesis of experimental bacterial and viral pneumonia in mice (7, 12).
IL-36 cytokines signal via a heterodimeric receptor comprised of a IL-36 receptor (IL-36R)
chain and the IL-1 receptor accessory protein (IL1RAP) that is also shared with the IL-1 and
IL-33 receptors (13, 14). IL-36 cytokines can be expressed by skin epithelial cells (9, 11),
which correlates with increased mRNA and protein concentrations of IL-36 cytokines in human
psoriatic skin lesions and experimental models of psoriasis-like diseases in mice, including
acanthosis and hyperkeratosis (4, 5, 8-11, 15). A common finding in diseases where IL-36
cytokines play a role is the presence of neutrophils (8). Like other IL-1 family cytokines, IL-36
cytokines are produced as precursor proteins whose bioactivity is 1000 fold increased after
proteolytic processing (16, 17). Typically, activation of IL-36 cytokines is associated with
increased expression of multiple proteases released by neutrophils, such as neutrophilderived cathepsin G, elastase and proteinase-3 (18). Consistent with the link between IL-36
cytokines and neutrophils, IL-36 cytokines have been strongly linked to the pathogenesis of
generalized pustular psoriasis and hidradenitis suppurativa, diseases in which neutrophils are
a hallmark feature (19). Importantly, blocking IL-36 receptor with a monoclonal antibody
markedly reversed the skin lesions in human subjects with generalized pustular psoriasis (20).
IL-36 signaling is also activated in intestinal inflammation such as inflammatory bowel disease
(IBD) and experimental colitis (21, 22). Furthermore, IL-36 also plays an important role in the
joint synovium of patients with rheumatoid arthritis (23, 24). These studies have extended IL36 and IL-36R expression to include fibroblasts and macrophages (25-28), and some reports
have also suggested IL-36 expression by lung epithelial cells (29, 30).
Thus, there is a rationale for considering IL-36 cytokines as important contributors to
pathogenesis of lung diseases, specifically those that are characterized by the accumulation
of neutrophils, such as severe non-T2 asthma, COPD, acute respiratory distress syndrome,
and cystic fibrosis (31). Associative data have linked IL-36 cytokine(s) to neutrophilic
inflammation in multiple diseased tissues, yet the mechanisms by which IL-36 drives pathology
remain elusive. Here, we used both WT and KO, in vitro and in vivo murine experimental
approaches, together with primary human cells to deconvolute the network of stimuli and
responses which orchestrate neutrophilic lung disease. Here, we provide the mechanistic
rationale by which targeting IL-36 may alleviate our most burdensome respiratory diseases.
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5.1.3 Results
IL-36 in neutrophilic lung inflammation
We exposed wild type (WT) and IL-36 receptor knockout mice (Il36r -/-) to cigarette smoke (CS)
for three weeks. Exposure of WT mice to CS resulted in significantly increased BAL neutrophil
numbers (4.5x105 neutrophils/ml). In contrast, alveolar macrophage (AM) numbers did not
change after exposure with CS. In Il36r

-/-

CS exposed mice (1.7x 105 neutrophils/ml) we

observed a 62% reduction in BAL neutrophil numbers relative to WT mice. In addition,
myeloperoxidase (as an indicator of neutrophil activation) concentrations in the BAL of Il36r /-

CS exposed mice were significantly reduced (to concentrations observed in mice exposed

to room air (RA)) relative to CS-exposed WT mice (Fig. 1a). These experiments indicated that
IL-36 receptor (encoded by Il1rl2, herein designated as Il36r) signaling was an upstream driver
of neutrophil recruitment and activation in mice exposed to CS smoke.
To further determine if IL-36 cytokines acted as upstream drivers of neutrophil recruitment in
the lung, we instilled IL-36 (as one representative IL36 family cytokine previously described
in the literature as a potent pro-inflammatory stimulus) (32) intratracheally into naïve mice for
4 h (in order to examine early upstream events before the emergence of secondary effects).
In contrast to AM numbers, IL-36 significantly increased BAL neutrophil numbers (Fig. 1b) to
amounts comparable to those observed in CS exposed mice (Fig. 1a). Additionally, CXCL1,
(a key neutrophil chemoattractant protein) concentrations were increased in the BAL relative
to PBS exposed mice (Fig. 1c). IL-36 also significantly increased concentrations of IL-1, IL1, and GM-CSF (cytokines typically generated by neutrophils, macrophages or the epithelium
(33)) in the BAL relative to PBS-exposed mice (Fig. 1d). In addition, relative Cxcl1 and Il6
mRNA amounts were increased within the cell pellet recovered from the BAL relative to PBS
exposure (Suppl. Fig. 1a).
We next determined whether IL-36 cytokines directly promoted pro-inflammatory activation of
AMs and neutrophils. Murine AMs obtained from BAL of naïve mice were cultured in the
presence of GM-CSF (to maintain normal AM function (34, 35), and exposed to IL-36 cytokines
for 24 h, after which Il1a and Il1b mRNA expression was determined. Both Il1a (19-fold) and
Il1b (2-fold) expression was significantly increased relative to that in unstimulated AMs (Fig.
1e). Moreover, relative to unstimulated AMs, IL-36 cytokine-stimulated AMs also had
significantly increased mRNA expression for Il36g (4-fold) and Cxcl1 (30-fold), indicating AMs
as a source of CXCL1 and IL-36 in the alveolar compartment. Importantly, a combination of
IL-1α and IL-1β did not induce transcription of Il1a, Il1b, or Cxcl1 and only mildly increased Il36g in AMs (Fig. 1e). We also examined the effect of other lung associated inflammatory
mediators by exposing AMs to LPS or its canonical downstream cytokine TNF-α. Exposing
AMs to TNF-α did not stimulate mRNA expression for Il36g or Cxcl1 in AMs (Suppl. Fig. 1b),
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while the fold induction of mRNA encoding Cxcl1, Il36g, Il1b, Il1a and Il6 after stimulating AMs
with LPS was similar to that observed in response to IL36-cytokines, indicating IL-36 cytokines
as a potent pro-inflammatory stimulus on AMs (Suppl. Fig. 1c).
Considering that AMs were cultured in GM-CSF, we stimulated bone marrow-derived
neutrophils from naïve mice in vitro with IL-36 alone or in combination with GM-CSF.
Combining GM-CSF with IL-36 resulted in significantly increased mRNA expression for Il36g
(4-fold), Cxcl1 (10-fold), Il1a (600-fold), Il1b (24-fold) relative to IL-36 alone or GM-CSF alone
when compared to unstimulated neutrophils (Fig. 1f). GM-CSF was capable of stimulating
Il36g expression in mouse neutrophils, suggesting a further mechanism by which IL-36 can
be induced. As was observed for AMs, IL-1α and IL-1β stimulation of neutrophils failed to
induce gene expression for these cytokines, even in combination with GM-CSF (Suppl. Fig.
1d). These findings prompted us to determine if GM-CSF stimulation increased mRNA
expression of the Il36r in neutrophils. Indeed, GM-CSF exposure resulted in a ~10-fold
increase in Il36r mRNA expression in neutrophils, while no change in expression of the Il1r1
was observed (Fig. 1g). GMCSF also significantly induced the mRNA expression of the IL1
receptor antagonist (Il1rn) whereas the mRNA expression of the IL36 receptor antagonist
(Il36rn) remained below the detection limit (Suppl. Fig. 1d). Thus, GM-CSF might skew the
responsiveness of neutrophils towards IL-36 relative to IL-1 through up-regulation of the IL36R.
We also determined whether IL-36 alone or in combination with GM-CSF would increase the
transcription of CXCL1, IL1A, IL1B and IL36G in human neutrophils. In contrast to mouse
neutrophils, GM-CSF and not IL-36 induced mRNA expression for CXCL1 (2-fold), IL1A (69fold), IL1B (9-fold) and IL-36G (4-fold) relative to unstimulated neutrophils (Fig. 2a). Combining
IL-36 stimulation with GM-CSF did not result in any further increase in the mRNA expression
for these cytokines (Fig. 2a). Furthermore, IL-36 did not increase IL36R gene expression in
human neutrophils relative to untreated cells (Fig. 2b). However, exposing human neutrophils
to GM-CSF resulted in a significant increase of IL36R (encoded by IL1RL2 herein designated
as Il36R) mRNA (Fig. 2b). IL1R mRNA was not induced after any of these stimulations (Fig.
2b). Finally, we exposed human lung epithelial cells to IL36γ and found significantly increased
protein secretion and mRNA expression of CXCL1, IL36G, GM-CSF, IL1A and IL1B (Fig. 2c,
d).
Together, these findings indicated that in the alveolar compartment IL36γ can act as an
upstream inflammatory driver to promote neutrophil recruitment and production of proinflammatory IL1 family cytokines in neutrophils and macrophages either alone or in
combination with GMCSF.
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IL-36 acts as an upstream inflammatory driver of macrophages and fibroblasts
We conditioned bone marrow derived macrophages (BMDM) from naïve mice towards a
putative lung interstitial phenotype by exposing them to TGF-ß (36, 37) and GM-CSF (34, 35,
38) in combination with either IL-36 cytokines, or IL-1α, or IL-1β for 24 h. GM-CSF induced a
55-fold increase in mRNA for Il36r in BMDMs (Fig. 3a) and CXCL1 protein release after IL-36
cytokines stimulation (77-fold) was about 10-fold higher in GMCSF/TGF-β conditioned
macrophages relative to that observed in unconditioned BMDM (Fig. 3b). We therefore
continued using GM-CSF/TGF-β conditioned BMDM. We detected a 140-fold increase in Il36g
mRNA expression, a 10-fold increase in Cxcl1 mRNA expression, 4495-fold increase for Il1a
mRNA expression and a 235-fold increase for Il1b mRNA expression in TGF-β/GM-CSF
conditioned BMDM stimulated with IL-36 relative to unstimulated BMDM (Fig. 3c). In contrast,
BMDMs not conditioned in GM-CSF/TGF-β had a reduced responsiveness to IL-36 cytokines
with Il36g (6-fold), Cxcl1 (1.4-fold), Il1a (1.7-fold) and Il1b (3.4-fold) only slightly increased
after IL-36 cytokine stimulation (Suppl. Fig. 2a). As we observed in AMs and neutrophils in Fig.
1, stimulation with a combination of IL-1α and IL-1β did not affect mRNA expression for Cxcl1,
Il1b and Il1a relative to untreated BMDMs (Fig. 3c, Suppl. 2a). Additionally, mouse BMDMs
up-regulated mRNA expression of Il1r1 and Il1rn in response to IL-36 stimulation, while Il36rn
mRNA expression was undetected (Fig. 3c, Suppl. 2a).
In human monocyte-derived macrophages (MDMs) from healthy volunteer donors IL36R
mRNA was not induced by IL-36 cytokines or by GM-CSF stimulation (Fig. 4a). Stimulation
with IL-36 in combination with GMCSF significantly increased relative mRNA amounts of IL1A
(53-fold) and IL1B (30-fold) (Fig. 4a). Stimulation of human MDMs with IL-36 also promoted
mRNA expression for CXCL1 (Suppl. Fig. 3a). However, MDMs did not exhibit a significant
increase in IL36G mRNA expression after IL-36 stimulation relative to untreated MDM, which
was only slightly increased (1.3-fold) after stimulation with GM-CSF. The combination of IL-36
cytokines and GM-CSF significantly increased the IL36G expression relative to GM-CSF alone
(Fig. 4a).
When primary mouse fibroblasts obtained from the lungs of naïve mice were exposed in vitro
to IL-36, or IL-1α and IL-1β stimulation for 24 h we observed significantly increased mRNA
expression for Il1a (284-fold), Il1b (337-fold), Cxcl1 (151-fold), Il36g (50-fold), Il1r1 (1.3-fold),
Il1Rn (5-fold), and Il36a (22-fold) in response to IL-36 relative to unexposed cells (Suppl. Fig.
2b). Stimulation with IL-1α and IL-1β did not result in any detectable increases in mRNA
expression for these genes and Il36b and Il36rn were also not expressed in response to any
of the stimulation conditions (Suppl. Fig. 2b). Conditioning fibroblasts with GM-CSF and TGFβ resulted in an additional increase in mRNA for Il1a (1015-fold), Il1b (761-fold), Il36g (81-fold),
and Il1rn (6.2-fold) when exposed to IL-36 cytokines (Fig. 3d). Analogous to the findings in
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mouse neutrophils and mouse BMDMs, GM-CSF also increased mRNA expression for the
Il36r in primary lung fibroblasts, albeit with a lower fold induction. IL-36 also slightly increased
the Il36r in primary lung fibroblasts (Fig. 3e).
When primary human lung fibroblasts (from otherwise healthy donors) were stimulated with
IL-36 cytokines, GM-CSF or the combination thereof, we observed increased mRNA
expression for IL36G, IL36R, IL1A, IL1B, GM-CSF and CXCL1 after IL-36 stimulation relative
to untreated fibroblasts (Fig. 4b).
Inflammatory conditions in the lung also promote tissue remodeling (39), in which MMP9 has
been shown to be an important mediator (40). MMP-9 protein and mRNA expression were
increased in both primary lung fibroblasts and BMDMs after stimulation with IL-36 cytokines
(Suppl. Fig. 2c).
In summary, these findings highlight the difference between IL-1α/β and IL-36 activation and
pinpoint IL-36 as an upstream amplifier of human and mouse macrophages and fibroblasts.
IL-36 is important in neutrophilic lung inflammation in vivo
Thus far, the data suggested that IL-36 signaling was important for neutrophil recruitment and
activation both in vivo (Fig. 1a-c) and in vitro (Fig. 1, 3). We therefore predicted that IL-36
would play an important role in a lung inflammatory condition associated with high neutrophil
numbers. To test this hypothesis, we advanced our CS smoke model depicted in Fig. 1 to
either CS for 1, 2, or 3 weeks or to CS (for 2 weeks) followed by exposure to H1N1 influenza
virus for 48h (CS+H1N1). Neutrophil numbers in recovered BAL were 1.8*105/mL after 1 week
CS exposure, 8*104/mL after 2 weeks of CS exposure, 3.6*105/mL after 3 weeks of CS
exposure, 8.2*105/mL after H1N1 and 1.05*106/ mL after CS + H1N1 (Fig. 5a,c). Importantly,
consistent with the higher numbers of neutrophils in CS+H1N1 mice relative to CS mice,
CS+H1N1 exposed mice exhibited significantly higher increases in Il36g mRNA in the BAL
pellet (1759-fold increased relative to RA) compared to CS exposed mice (40-fold relative to
RA) (Fig. 5b). In addition, as indicators of lung inflammation, we found a significant increase
of IL-1β, CXCL1 and IL-6 protein in lung tissue of CS+H1N1 exposed mice relative to CS
exposed mice (Fig. 5d). These findings showed that this model was suitable to generate lung
inflammatory conditions with high neutrophil recruitment to the alveolar space, which also
correlated with marked Il36g expression.
We therefore utilized this model to determine the contribution of IL-36 cytokine signaling to
lung inflammation in vivo. Il36r -/- mice exposed to CS+H1N1 exhibited a significant decrease
(~72%) of BAL neutrophil numbers relative to that observed in CS+H1N1 exposed WT mice
(Fig. 5e). Il36r-/- mice exposed to CS+H1N1 also exhibited significantly decreased mRNA
expression for Cxcl1 in the lung homogenate relative to CS+H1N1 exposed WT mice (Fig. 5e).
Furthermore, Il36r -/- mice exposed to CS+H1N1 also exhibited significantly decreased mRNA
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expression for Il36g in the lung homogenate (Fig. 5e). Finally, IL-1β, CXCL1, IL6 and TNF-α
protein concentrations were also decreased in CS+H1N1 exposed Il36r-/- mice in both BAL
fluid (Fig. 5f) and lung homogenate (Fig. 5g, and Suppl. Fig. 4a) relative to CS+H1N1-exposed
WT.
We next used mice with genetic deficiency in IL-1RAP (the common receptor chain for the
receptors for IL-1α, IL1-β, IL-33 and IL-36 (2)) to define the effect of IL-36R signaling (reflecting
the contribution of IL-36) within the IL-1 family in this model. CS+H1N1 exposed Il1rap-/exhibited a significant reduction in expression of markers for lung inflammation (Suppl. Fig.
4b). Specifically, we observed a 61% reduction in BAL neutrophil numbers relative to WT mice
exposed to CS+H1N1. In addition, IL-1β, CXCL1 and IL6 protein concentrations in lung
homogenate were significantly reduced in CS+H1N1 exposed Il1rap-/- mice relative to
CS+H1N1 exposed WT mice (Suppl. Fig. 4b). Importantly, the percent reduction in BAL
neutrophil numbers was comparable between Il1rap-/- and Il36r-/- CS+H1N1 exposed mice
(Suppl. Fig. 4c). While Il1rap-/- CS+H1N1 exposed mice exhibited an 81% reduction for CXCL1
and an 80% reduction for IL-1β protein concentrations in lung homogenate, Il36r-/- CS+H1N1
exposed mice exhibited a 47% reduction for CXCL1 and 44% reduction for IL-1β. Notably, the
percent reduction in IL-6 protein amounts in the lung homogenate was equal between Il1rap/-

(45%) and Il36r-/- (48%) CS+H1N1 exposed mice (Suppl. Fig. 4c). These findings indicated

that within the IL-1 family of cytokines that signal through IL-1RAP, IL-36 cytokines contribute
to a large degree to the lung inflammatory response in CS+H1N1 mice.
IL-36 cooperates with Poly I:C on macrophages and fibroblasts
Based on the observed attenuated inflammation in Il36r-/- mice in response to CS+H1N1 we
next employed in vivo approaches in which we used the TLR3 agonist poly(I:C) as a viral
mimetic and focused on measuring neutrophils, GM-CSF, CXCL1, IL-36 and MMP9 cytokine
expression in the BAL of mice. Mice exposed to intratracheal poly(I:C) had increased
neutrophils (but no increases in macrophages) in the BAL, 12 h and 24 h post poly(I:C)
exposure relative to PBS exposed mice (Suppl. Fig. 5a). In addition, we found significantly
increased protein concentrations for CXCL1 (at 4 and 24 h), GM-CSF (at 24 h) and MMP9 (at
24 h) in BAL, as well as, increased Il36g mRNA in the BAL pellet (at 12 h) relative to PBSexposed mice (Suppl. Fig. 5a, b).
We next exposed AMs obtained by BAL and bone marrow-derived neutrophils from naïve mice
to poly(I:C) in vitro. Poly(I:C) induced small but significant increases in mRNA expression for
Il36g (2-fold), Cxcl1 (2.3-fold), Il1a (1.16–fold), Il1b (2.17-fold) and Il36r (1.11-fold) in AMs
relative to untreated controls (Suppl. Fig. 5c). In mouse bone marrow-derived neutrophils
poly(I:C) alone failed to induce increased mRNA expression for Il36g, Cxcl1 Il1a, and Il1b (Fig.
6a). Combining poly(I:C) stimulation with IL-36 stimulation resulted in numerical increased
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mRNA expression for Il1b but had similar effects on Cxcl1 and trended towards increased
expression of Il1a (Fig. 6a).
Combining IL-36 cytokines with poly(I:C) resulted in significantly increased relative mRNA
amounts in BMDMs and primary mouse fibroblast for Il36g, Cxcl1, Il1a, Il1b and Gmcsf (Fig.
6b) and increased protein concentrations for CXCL1, IL-36 (pro-form), GM-CSF and MMP9
relative to the individual stimulations compared to untreated cells (Suppl. Fig. 5d,f).
Interestingly, as observed for AMs (Suppl. Fig. 5c), poly(I:C) promoted mRNA expression for
the Il36r on BMDMs (Suppl. Fig. 5e). Primary mouse lung fibroblasts were comparable to
BMDMs (Fig. 6b). Of note, poly(I:C) alone failed to induce Il36g, Cxcl1, Il1a, Il1b, Gmcsf and
Il36r mRNA in primary lung fibroblasts, highlighting the requirement for cooperating with IL36
in activating fibroblasts (Fig. 6b, Suppl. Fig. 5e, f). The combination of poly(I:C) and IL-36 (7.5fold) resulted in a 50% reduced Ifnb1 mRNA expression in BMDMs relative to poly(I:C) (15fold) stimulation alone. IL-36 alone did not induce Infb1 expression in BMDMS (Suppl. Fig.
5g). Neither poly(I:C) nor IL-36 stimulation resulted in increased Infb1 mRNA expression in
fibroblasts (Suppl. Fig. 5g).
Similar to mouse fibroblasts, human lung fibroblasts stimulated with the combination of
poly(I:C) and IL-36 cytokines exhibited a significant increase in CXCL1, IL1A, IL1B, and GMCSF mRNA relative to untreated controls (Fig.7a). Neither poly(I:C) nor IL-36 cytokine
exposure promoted IL36G mRNA expression in human fibroblasts (Fig. 7a).
In human MDMs IL-36 cytokine stimulation resulted in significant increase of CXCLl1, IL1A
and IL1B mRNA expression relative to untreated or poly(I:C) alone and was not changed by
combining IL-36 cytokines with poly(I:C) (Fig. 7b). Similar to the fibroblast data IL36G mRNA
expression in BMDMs was not increased after IL-36 cytokine, poly(I:C) or IL-36 cytokine +
poly(I:C) stimulation (Fig. 7b).
Human basal lung epithelial cells exposed to poly(I:C) exhibited significant and marked
increases in protein concentrations of GM-CSF (63-fold), CXCL1 (2.1-fold), IL-36 (71-fold)
and mRNA expression of GM-CSF (7-fold), CXCL1 (4-fold), IL36G (364-fold), IL1A (186-fold)
and IL1B (49-fold) (Fig. 8a, b). LPS, used as an additional TLR agonist did not induce mRNA
increases of these cytokines. (Fig. 8a, b). IL-1 protein concentration was not increased after
poly(I:C) or LPS stimulation relative to untreated control and IL-1 was only detected after
poly(I:C) stimulation (Fig. 8a).
These data indicated that poyl(I:C) increased the production of pro-inflammatory cytokines in
lung epithelial cells and cooperated with IL-36 to further amplify pro-inflammatory pathways.
Neutrophils are a source of IL-36γ in acute lung injury
To determine neutrophils as a source of IL-36 not only in a lung inflammation model generated
by CS or CS and virus, we also examined a lung inflammation model simulating exposure to
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bacterial stimuli. We therefore exposed mice to aerosolized LPS for 4 h before proceeding
with single-cell RNA sequencing (scRNA-seq) analysis of the BAL cells. We chose 4 h
exposure as it was determined to be the earliest time point with maximal neutrophil numbers
in the BAL fluid (2.12x106 neutrophils/mL) in a pilot experiment (Suppl. Fig. 6a). After LPS
challenge, the majority of the sequenced BAL cells represented neutrophils, which accounted
for 77% of all BAL cells, while AM represented only 18% of the BAL cell population (Fig. 9a).
Additionally, we identified natural killer (NK) cells (4%) and few erythrocytes (1%) based on
their reported characteristic gene expression profiles (41) (Fig. 9a, Suppl. Fig. 6b,c). We then
determined the relative transcriptional expression of Il36a, Il36b, and Il36g in comparison to
Il1a and Il1b, in BAL neutrophils and macrophages. High-resolution scRNA-seq analysis
allowed us to identify neutrophils as the main source of Il36g. Il36g was detected in 84% of
the neutrophils and its transcript levels were 10.5-fold increased relative to those detected in
alveolar macrophages (Fig. 9b, d). In contrast, Il1b was strongly expressed by both,
neutrophils and AM. Nevertheless, Il1b was still increased 3.6-fold in neutrophils relative to
AM while Il1a was detected in both populations whereas the overall expression was
significantly (1.5-fold) increased in neutrophils relative to AM (Fig. 9b). In contrast to Il36g,
Il36a was only detected in very few single cells (while Il36b was not detected in any cell type
(Suppl. Fig. 6d)). Next, we investigated the expression of Cxcl1 across the different cell types.
Cxcl1 expression was predominantly restricted to AMs and increased 1.9-fold compared to
neutrophils (Fig. 9b). We next determined mRNA expression for Il36a,b,g and Il1a,b as well
as Cxcl1 by qPCR in mouse bone marrow-derived neutrophils and mouse AMs from naïve
mice in response to in vitro stimulation with LPS for 4 h to closely reflect the in vivo stimulation
protocol. Consistent with the scRNAseq data, we found that neutrophils were more responsive
to LPS stimulation in terms of Il36g expression (48-fold increased) compared to the expression
in AMs (8-fold increased) (Fig. 9c). In addition, induction of Cxcl1 mRNA expression upon LPS
stimulation was restricted to AM and not induced in stimulated neutrophils (Fig. 9c). Il1a and
Il1b were induced in both cell types after LPS stimulation, but more predominantly in AMs.
AMs had increased Il36a (690-fold) mRNA expression after LPS stimulation and Il36b was
undetectable (Suppl. Fig. 6e). Furthermore, IL-36α and IL-36β mRNA expression remained
below the detection limit for neutrophils.
Human neutrophils and human MDMs exhibited a 100- and 200-fold increase in IL36G mRNA
expression after LPS stimulation relative to unstimulated cells. Human fibroblasts exhibited a
2.5-fold IL36G mRNA induction after LPS stimulation relative to untreated controls (Fig. 9e).
A more detailed analysis of the neutrophil clusters in the scRNA sequencing analysis revealed
two subpopulations, that we designated N1 and N2 (Suppl. Fig. 6f). To differentiate the
subclusters, we did a pathway analysis. Subcluster N2 showed increased IL1-familiy and IFN-
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pathways, whereas subcluster N1 exhibited increased remodeling pathways (Suppl. Fig. 6g).
Finally, increased differential expression of MMP9 was observed to be restricted to subcluster
N1, suggesting that these neutrophils could promote tissue remodeling (Suppl. Fig. 6h).
A hypothetical model of how cells and mediators interplay with IL36 to promote neutrophilic
lung inflammation is depicted in Figure 10.
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5.1.4 Discussion
Here we combined chronic and acute lung inflammation mouse models induced by CS, viral
(poly IC) and bacterial (LPS) components with additional in vivo and in vitro approaches using
primary mouse and human cells to provide mechanistic insight that identifies IL-36 within the
IL-1 family of cytokines as an early upstream innate immune driver and amplifier of acute and
chronic lung inflammation, particularly when associated with neutrophils. Mechanistically, lung
neutrophils were identified as both a cellular source and target of IL-36 and IL-36 promoted
the pro-inflammatory activation of lung macrophages, fibroblasts and epithelial cells. IL-36
stimulated feed-forward signaling that resulted in the generation of IL-36 and IL-1 in fibroblasts
and macrophages. Moreover, IL-36 cooperated with viral analog poly(I:C) and with GM-CSF
to enhance the pro-inflammatory responses of macrophages and fibroblasts.
There is substantial evidence associating the pro-inflammatory role of IL-36 with the presence
of neutrophils in mouse models of skin inflammation and also in human skin diseases (8, 42),
such as generalized pustular psoriasis (GPP) or hidradenitis suppurativa, where blockade of
IL-36 signaling can greatly reduce disease symptoms (20). In addition, IL-36 has been
described to be increased in patients with COPD (43) and in COPD, neutrophils are correlated
with the severity of the symptoms and with microbial exacerbation, while high neutrophil
numbers are correlated with poor prognosis and disease progression (44, 45). Previous
reports also showed GM-CSF release after pulmonary infection and the importance of GMCSF in inflammatory processes in the lung has been reported, including in COPD (46, 47).
Finally, previous reports had suggested an important role for IL-36 in mouse models of
bacterial and viral pneumonia (7, 12). Yet, no studies had investigated the interplay between
IL-36, GM-CSF and neutrophils in chronic lung inflammation or in lung inflammation in which
acute virus challenge is superimposed on chronic injury, a reductionist mechanistic model for
human lung disease secondary to smoking and virus infection.
Using a genetic approach employing mice with Il36r deficiency we showed that IL-36 signaling
was a critical component of the pro-inflammatory response in both CS exposed and CS+HN1N
exposed mice, demonstrating a role for IL-36 in both low grade chronic lung inflammation (CS
model) as well as high grade acute microbial lung inflammation super- imposed on preexisting
chronic injury, such as during acute viral exacerbations in COPD (CS+H1N1 model).
Specifically, Il36r-/- mice had significantly attenuated lung neutrophil influx and reduced
alveolar IL-1ß, CXCL1, IL-6 and TNF-α concentrations. Making use of IL1rap-/- mice we
isolated the contribution of IL-36 cytokines within the IL-1 family of cytokines in this model and
showed that the phenotype of the Il1rap-/- mice was largely replicated in Il36r-/- mice. These
data solidify IL-36 as a key upstream pro-inflammatory driver among the IL-1 family of
cytokines that signal through IL1Rap. Importantly, genetic ablation of IL-36 signaling was
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sufficient to attenuate recruitment of neutrophils to the same degree as seen in Il1rap-/- mice,
while the protein expression of IL-1ß, CXCL1 was more attenuated in the Il1rap-/- mice. These
findings can be interpreted that blocking IL-36R allows for maintaining at least part of the IL-1
innate mediated immune response necessary to maintain some level of immune defense,
while it abrogates the acute inflammatory and tissue destructive effects of IL-36 which
superimpose on the underlying inflammation and exacerbate immune-pathology and
substantially compromise organ function in the face of acute pathogen challenge. The findings
that Il36g expression within the alveolar immune cell compartment was restricted to
neutrophils in LPS challenged mice and that stimulation of mouse alveolar macrophages,
mouse neutrophils and human neutrophils with LPS in vitro increased IL-36 production
demonstrate that neutrophils can also be an important source of IL-36γ in humans and mice
in neutrophilic inflammation associated with bacterial infection. Thus, we propose that IL-36R
blockade in patients with chronic lung disease prone to microbial exacerbations will alleviate
symptoms while preserving sufficient innate immune signaling mediated by IL-1 and IL-1
to conserve host defense.
We also demonstrate that IL-36γ promoted generation of IL-36γ itself and was upstream of
both IL-1α and IL-1β in neutrophils, fibroblasts and macrophages. IL-36γ was also capable of
inducing CXCL1 in vivo and in a variety of cell types in vitro, including lung macrophages, lung
fibroblasts, neutrophils and lung epithelial cells. Notably, CXCL1, as well as IL-1α and IL-1β
expression in macrophages was restricted to IL-36γ stimulation and not observed with the
other IL-1 family cytokines IL-1α and IL-1β, placing an important role on IL-36 in an upstream
amplification loop for the production of CXCL1 and IL-1 family cytokines in a variety of innate
immune cells. Neutrophils themselves also responded to IL-36 stimulation with CXLC1
production, highlighting a feed-forward loop between IL-36, CXCL1 and neutrophils. Thus, the
IL-36γ triggered

pro-inflammatory mediator

output

broadly

facilitates feed-forward

amplification of the inflammatory response by engaging a variety of cells to increase neutrophil
recruitment (CXCL1) and sensitization to IL-36γ or IL-1.
Our findings furthermore demonstrate that downstream of neutrophils, activated IL-36
cytokines subsequently cooperate with additional pro-inflammatory signals, such as GM-CSF
or poly(I:C)/viruses as an upstream driver of IL-1, GM-CSF and CXCL1, further amplifying the
pro-inflammatory interplay between neutrophils, IL-36, IL-1 and GM-CSF. Moreover, mice
exposed to poly (I:C) had increased neutrophils and protein concentrations of GM-CSF and
CXCL1 in the BAL. Notably, poly(IC) did not induce GM-CSF or CXCL1 in macrophages or
neutrophils, making the lung epithelium the most likely source of GM-CSF and CXCL1 in vivo
in response to poly (I:C). Therefore, poly(I:C) can promote IL-36 generation indirectly through
epithelial-derived cytokines such as GM-CSF, which acts on neutrophils to produce IL-36.
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Another important finding of our study was that IL-36 also cooperated with poly(I:C) to directly
increase expression of Il36g, Cxcl1, Il1a, Il1b and Gmcsf in macrophages and fibroblasts.
Thus, poly(I:C) can also promote IL-36 signaling. Previous reports had suggested the
cooperation between TLR signaling and cytokine signaling with IL-36 in promoting
inflammation (32) (Figure 6).
We also identified human lung epithelial cells as a source of IL-36γ in response to poly(I:C)
but not LPS exposure (Figure 8). There is literature evidence for IL-36γ expression in the lung
epithelium in patients with lung disease (31, 48). Furthermore, IL-36γ is prominently expressed
in keratinocytes of the skin (9, 11), particularly in response to bacterial challenge or the
presence of neutrophils (8, 49). Therefore, the lung epithelium might be an additional source
of IL-36γ in the face of viral exacerbation, while the LPS mediated IL-36 generation in
neutrophils described here, suggests neutrophils as a major source of IL-36 in the face of
bacterial exacerbation.
In human neutrophils, IL36G mRNA was increased in response to IL-1 rather than IL-36γ.
Therefore, it is tempting to speculate that in humans with underlying chronic lung inflammation
the increased levels of IL-1 (50) induce IL-36 signaling to promote tissue inflammation. The
finding that IL36R expression in murine neutrophils and human neutrophils was increased by
GM-CSF and the observation that combing GM-CSF with IL-36 (mouse) or IL-1 (human)
amplified the production of IL-36 suggests that GM-CSF tailors responsiveness of mouse and
human cells towards IL-36 and IL-1, respectively. This suggests a tightly regulated and
context-dependent restriction of IL-1 family cytokine generation and signaling. Context
dependent activity of IL-36 has been described previously by showing that the activity of IL36 cytokines is ~1000-fold increased after extracellular processing by neutrophil-derived
proteases, enabling IL-36 activity in the presence of neutrophils (16). Furthermore, it was
recently reported that neutrophil extracellular traps (NETs) facilitate generation of IL-1family
members, particularly IL36 (51). Thus, neutrophils are important for both generating and
activating IL-36, placing neutrophils as an early upstream pro-inflammatory event in the IL-36
signaling cascade.
Here we made that additional observation that GM-CSF was an inducer of IL-36R in mouse
and human neutrophils. Intriguingly, GM-CSF promoted expression of IL-36R but not the IL1
receptor on macrophages and fibroblasts. There is evidence for a relationship between GMCSF and neutrophils by the fact that humans treated with GM-CSF had increased numbers of
neutrophils (52). Another study demonstrated that LPS-exposed GM-CSF-/- mice had reduced
infiltration of neutrophils compared to the WT control (53).
We also observed that IL-36γ- or IL-1 stimulated cells increased expression of the IL1R but
not the IL-36RN, suggesting unrestrained IL-36γ signaling while limiting IL-1 signaling in these
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conditions. Intriguingly, severe neutrophilic skin diseases in humans are associated with
polymorphisms in IL36RN genes (54, 55).
Finally, inflammatory conditions in the lung are associated with tissue remodeling. Therefore,
we used fibroblasts as structural target cells reported to produce MMP9 and examined MMP9
production as a surrogate for an important remodeling factor after IL-36 cytokine stimulation
(56, 57). Consistent with previous reports, IL-36 was indeed capable of inducing MMP9
expression in primary lung fibroblasts (57), involving IL36 signaling in pro-fibrotic fibroblast
activity (21, 56).
In conclusion, we have used several mouse models to reflect important triggers of lung
inflammation that bear physiological relevance in humans with COPD, such as CS, CS + H1N1,
poly(I:C) and LPS allowing us to mechanistically investigate the interplay between IL-36 and
neutrophilic lung inflammation. We have shown that injured epithelium released GM-CSF
which increased IL-36 expression in the alveolar compartment. IL-36 subsequently activated
alveolar and interstitial macrophages, as well as, fibroblasts to generate IL-1, CXCL1, GMCSF, MMPs and IL-36 (Fig. 10). Our study thus pinpoints IL-36 as a key upstream proinflammatory driver and amplifier of neutrophilic lung inflammation and provides a mechanistic
explanation for the link between IL36 and neutrophilic inflammation that had been observed
previously in human diseases and in animal models (19, 29, 57-59) (Fig. 10). Our data
therefore provide an experimental rationale for exploring the therapeutic potential of IL36
signaling blockade to attenuate pro-inflammatory events in human lung disease with a
significant contribution of neutrophils, such as asthma and COPD.
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5.1.5 Material and Methods
Animals
Female and male wild type C57BL/6J mice and Il1rap-/- mice on the C57BL/6 background or
Il36r-/- mice or wild type Balb/cAnCrl mice, all 8 – 13 weeks of age, were purchased from
Charles River (Sulzfeld, Germany or the US). Animals were housed in groups of 5 mice per
cage under specific pathogen free conditions in isolated ventilated cages (IVC) at 20 – 25°C
and a humidity of 46 – 65% with a dark/night cycle of 12 hours. Mice had free access to water
and chow. All experiments were approved by the animal welfare officers within Boehringer
Ingelheim Pharma GmbH and Co KG, as well as by the local authorities for the care and use
of experimental animals (Regierungspräsidium Tübingen; TVV 12-009-G and 14-016-G;
35/9185.81-8). Experiments with influenza virus were performed under biosafety level 2
conditions and were in accordance with German national guidelines and legal regulations.
Reagents
Human and mouse primary cells in this study were stimulated with the cytokines and the
concentrations depicted in Table 1. Unless otherwise described, the cells were stimulated with
macrophage media containing DMEM (1x)+GlutaMAXTM-I (GIBCO #31966-021); 10%
Spezial-HI FCS (GIBCO #16140-071); 1%NEAA (100x GIBCO #11140-035); 1% P/S (10.000
U/mL Penicillin, 10.000 µg/mL Streptomycin GIBCO #15140-122) and rhMCSF.
Table 1: Cytokines used in this study.
Species Cytokine
Concentration
100 ng/mL
(Macrophage
Human /
rhMCSF
Differentiation)
mouse
10 ng/mL (Macrophage
Stimulation)
Human / Salmonella
100 ng/mL
mouse
LPS
Mouse
rmIL-36α
33ng/ml
Mouse
rmIL-36β
33ng/ml
Mouse
rmIL-36γ
33ng/ml
Mouse
rmIL-1aα
10ng/ml
Mouse
rmIL-1α 50ng/ml (Suppl. Fig. 3c)
Mouse
rmIL-1β
10ng/ml
Mouse
rmIL-1β 50ng/ml (Suppl. Fig. 3c)
Mouse
rmTNFα
10 ng/mL
Mouse rmGM-CSF
10 ng/mL
Human /
Poly I:C
1µg/mL
mouse
(LMW)
Human
rhTGFß
10 ng/mL
Human
rhIL-36α
33ng/ml
Human
rhIL-36β
33ng/ml

Catalogue number

Manufacturer

216-MCC/CF

R&D Systems

L6143-1MG

Sigma

7059-ML/CF
7060-ML/CF
6996-IL/CF
400-ML/CF
400-ML/CF
401-ML/CF
401-ML/CF
410-MT/CF
415-ML/CF

R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems

tlrl-picw

InvivoGen

7666-M/CF
6995-IL-010/CF
6834-ILB-025/CF

R&D Systems
R&D Systems
R&D Systems
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Human
Human
Human
Human
Human

rhIL-36γ
rhIL-1α
rhIL-1β
rhTNFα
rhGMCSF

33ng/ml
10ng/ml
10ng/ml
10 ng/mL
10 ng/mL

2320-IL-025/CF
200-LA-010/CF
201-LB-010/CF
410-MT/CF
7954-GM-010/CF

R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems

Poly I:C administration
For intratracheal administration of Poly I:C, female C57BL/6 mice, 8-10 weeks old (Javier
Laboratories) were anesthetized with isoflurane for 3 minutes before instilling 2 mg/kg Poly
I:C (LMW) (#tlrl-picw / tlrl-picw-250, InvivoGen , Lot: PIW-40-03) diluted in NaCl (0.9%)) in a
total volume of 50µl/animal with a 1mL syringe during inspiration. BAL was performed 4 h, 12
h, 24 h, and 48 h, after the Poly I:C administration.
IL-36 i.t. administration
For intra tracheal administration of IL-36γ, female Balb/c mice were anesthetized with
isoflurane for 3 minutes and 1 µg IL-36γ (6996-IL/CF, Lot DAQQ041703A, R&D) which was
diluted in PBS in a total volume of 50µl/animal was administered with a 1mL syringe during
inspiration. BAL was performed 4 h after the IL-36γ administration. For time course analysis,
mice were sacrificed 10, 20 or 30 minutes after the IL-36gγ administration (BAL was pooled
from 2-3 animals from each group).
LPS aerosol exposure
Male Balb/c mice were exposed once to a single dose of aerosolized Escherichia coli
lipopolysaccharide (LPS, Serotyp 055:B5, Sigma Aldrich) in PBS (1mg/ml) for 30min. LPS was
administered by a nebulizer (Parimaster®) connected to a self-made Plexiglas box. After preflooding the box and all tubes for 30 minutes with the LPS aerosol, mice were transferred into
the box and were exposed to a continuous flow of LPS aerosol for 25 min, and remained for
another 5 min after the aerosol was discontinued (60-62). Mice were sacrificed 2, 4, 6, 8, 12,
18, 24, 36, 48 and 60 h after LPS exposure and bronchioalveolar lavage was performed as
described in section Bronchoalveolar lavage.
Cigarette smoke exposure model
Female and male C57BL/6J mice were either exposed to room air or cigarette smoke (CS) in
a heated (38°C) perspex box (homemade, whole body exposure chamber) for 4 days (4-5
cigarettes/day), with the experimental readout on day 5 (1-week CS exposure model) or for 5
days/week (4-5 cigarettes/day) with the experimental readout on day 11 (2-week CS exposure
model) (63). For the 3 week CS exposure model Il36r-/- mice and littermate wild type control
C57BL/6J mice were CS exposed 5 days per week with the experimental readout on day 19.
Mice were exposed to five cigarettes (Roth-Händle without filters, tar 10 mg, nicotine 1 mg,
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carbon monoxide 6 mg, Imperial Tobacco) per day. A semi-automatic cigarette lighter and
smoke generator with an electronic timer was used to control CS exposure (Boehringer
Ingelheim Pharma GmbH & Co. KG, Biberach, Germany) as previously described (64). 18 h
after the last cigarette smoke exposure, mice were euthanized on either day 5 or day 19 with
an overdose of pentobarbital (400mg/kg i.p.) and BAL was performed.
Cigarette smoke exposure and H1N1 Infection model
Il36r-/- and Il1rap-/- mice and littermate wild type control C57BL/6J mice received room air or
were infected with Influenza virus in combination with CS exposure for two weeks as described
in the 2-week CS exposure model in section Cigarette smoke exposure model. For viral
infection, mice were anaesthetized with 3% isoflurane and infected two hours after smoke
exposure by administering 3 Infections Units (IU) of H1N1 for IL1rap-/- and WT controls, and
30 IU of H1N1 for Il36r-/- mice and WT controls in PBS in a total volume of 50 µL intranasally,
25 µl per nostril on day 7. Influenza virus A/PR/8/34 (H1N1) was obtained from Boehringer
Ingelheim in Laval, Canada.
Lung homogenate
Lungs were removed and washed with PBS and snap frozen in liquid nitrogen immediately
after extraction and weighing, they were stored at -80˚C. For homogenization, lungs were
thawed and a FastPrep-24 Sample Preparation System following the manufacturers’
instructions (MP Biomedicals, Irvine CA, USA) was used. Homogenates were then centrifuged
for 10 min at 300 g and 4°C and supernatant was stored at -20°C. Cytokine amounts in lung
homogenate were measured by using MSD multiplex technology (Meso Scale Discovery,
Gaithersburg MD, USA) according to the manufacturer’s instructions.
Murine bone marrow derived neutrophil isolation and stimulation
Neutrophils were isolated from the suspension of bone marrow of male C57BL/6J mice (8-13
weeks) according to the manufacturer’s instructions (Miltenyi Biotec, Neutrophil Isolation Kit
mouse; #130-097-658). The neutrophils were resuspended and plated 5*10^5 cells/mL/well in
a 24 well plate in macrophage media without MCSF and stimulated with Salmonella LPS, IL36α; IL-36β; IL-36γ, IL-1α, IL-1β, GM-CSF and poly(I:C) (LMW) in vitro for 4 h. Cells were
cultured in an incubator at 37 °C at 5% CO2.
Bronchoalveolar lavage
Mice were euthanized by intraperitoneal (i.p.) administration of an overdose of pentobarbital
(400 - 800 mg/kg). The trachea was cannulated and BAL performed by flushing lungs twice
with 0.8 mL of lavage buffer (Hanks’ balanced salt solution containing 0.6 mM EDTA). Cell
counts per mL BAL fluid (neutrophils, alveolar macrophages,) were measured and
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differentiated using the Sysmex XT-1800i automated haematology analyser as described
previously (63, 64). The BAL fluid was centrifuged for 5 min at 200 g at 4°C. Supernatant was
decanted and cytokines measured using MSD (Meso Scale Discovery, Gaithersburg MD, USA)
or ELISAs following manufacturers’ instructions. BAL pellet was lysed using RLT buffer (350
µL, #1053393, Qiagen) to isolate RNA for downstream cDNA generation and gene expression
analyses by qPCR.
Alveolar macrophage isolation and stimulation
BAL pellet was isolated as described in section Bronchoalveolar lavage and resuspended and
2.5x105 cells/0.5 mL/well were plated in a 24 well plate in macrophage media with GM-CSF
and stimulated with Salmonella LPS (4 h), IL-36α; IL-36β, IL-36γ, IL-1α, IL-1β, TNFα and Poly
I:C (LMW) in vitro. Cells were cultured in an incubator at 37 °C at 5% CO2.
Bone marrow derived macrophages
C57BL/6J mice (male, 8-13 weeks) were sacrificed by intraperitoneal (i.p.) administration of
an overdose of pentobarbital (400 - 800 mg/kg) and bone marrow cells were harvested from
femurs and tibiae by flushing the respective bone with PBS. Isolated cells were centrifuged at
200g for 5 min, supernatant was decanted and pellets were resuspended in 100ml of
macrophage media. Cells were differentiated to macrophages in an incubator at 37 °C at 5%
CO2 for 6-7 days before scraping, counting and plating for downstream experiments.
Stimulation of BMDMs:
4x105 macrophages per mL were seeded in a 12-well plate in macrophage media.
Macrophages were allowed to adhere for 16-24 h before stimulating for 24 h with Salmonella
LPS (4 h), IL-36α; IL-36β; IL-36γ, IL-1α, IL-1β, TNFα and Poly I:C (LMW) in vitro. Cells were
cultured in an incubator at 37 °C at 5% CO2. To mimic the lung milieu, BMDMs were stimulated
with TGFß and GM-CSF in combination with IL-36α; IL-36β; IL-36γ, IL-1α and IL-1β for 24 h.
Fibroblast isolation and stimulation
C57BL/6J mice (male, 8-13 weeks) were sacrificed by intraperitoneal (i.p.) administration of
an overdose of pentobarbital (400 - 800 mg/kg) and the lungs were removed and washed by
dipping into ice cold PBS. The lungs were minced and transferred into a 50 mL tube containing
10 mL DMEM (DMEM (1x)+GlutaMAXTM-I (GIBCO #31966-021); 10% FCS (GIBCO #16140071); 1% Antibiotic Antimycotic-solution (Life Technologies, cat.no. 15240062) and 100 µL of
liberase-solution (26U/5mg/mL; Roche, cat.no. 05401119001). After 2h shaking at 37°C the
lung pieces were strained (70µM,BD,#352350) and flushed twice with 5 mL PBS. The tissue
solution was then centrifuged for 5 min at 190 g. The pellet was resuspended and washed
twice in 10 mL PBS (centrifugation for 5 min at 190 g). The pellet was then resuspended in
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DMEM (DMEM (1x)+GlutaMAXTM-I (GIBCO #31966-021); 10% FCS (GIBCO #16140-071);
1% Antibiotic Antimycotic-solution (Life Technologies, cat.no. 15240062) and transferred into
a 75 cm2 flask and cultured in an incubator at 37 °C at 5% CO2. After the first 24 h medium
was changed. Every two days, the fibroblasts were washed with PBS and medium was
changed until a confluence of 70% was reached to transfer the fibroblasts into a 175 cm2 flask.
5x104 primary mouse fibroblasts were seeded in a 12-well plate in macrophage media without
MCSF. After 16- 24 h fibroblasts were simulated for 24 h with IL-36α; IL-36β; IL-36γ, IL-1α or
IL-1β, Poly I:C (LMW) in vitro. Cells were cultured in an incubator at 37 °C at 5% CO2.
Stimulation of human epithelial basal cells
3 x 104 small airway epithelial cells from a human donor obtained from Lonza were seeded in
a 96-well plate in 200 µl PneumaCult™-Ex Plus Medium (Stem cell Technologies, # 05040 Kit,
05041 Basal Medium). After 24 h epithelial cells were simulated for 24 h with Salmonella LPS,
IL-36α; IL-36β ; IL-36γ, GMCSF and Poly I:C (LMW) IL-1α and IL-1β. Cells were cultured in
an incubator at 37 °C at 5% CO2.
Generation of human monocyte derived macrophages
Monocytes were isolated from PBMCs from human volunteer donors by negative magnetic
separation using the monocyte isolation Kit II (MACS Miltenyi #130-091-153, Miltenyi Biotech,
Bergisch Gladbach, Germany) and the AutoMACS pro system (Miltenyi Biotech, Bergisch
Gladbach, Germany) according to the manufracture’s instructions. In order to generate
monocyte derived macrophages, monocytes were resuspended in 100 ml of macrophage
media. Cells were cultured in an incubator at 37 °C at 5% CO2 for 6-7 days before using for
experiments. All experiments with blood from human volunteer donors were approved by the
blood donation service from Boehringer Ingelheim Pharma GmbH and Co KG following ethical
standards and local regulation.
Stimulation of human monocyte derived macrophages:
5x105 macrophages were seeded in a 12-well plate in macrophage media at a concentration
of X. After 16- 24 h macrophages were simulated for 24 h with Salmonella LPS, IL-36α; IL36β; IL-36γ, GM-CSF and Poly I:C (LMW). Cells were cultured in an incubator at 37 °C at 5%
CO2.
Neutrophil isolation and stimulation
Neutrophils were isolated from whole blood from volunteer human donors by negative
magnetic separation using the MACSexpess Whole Blood Neutrophil IsolationKit (#130-104434, Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. 3-5x105 neutrophils were seeded in a 24-well plate in macrophage media without
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MCSF. All experiments with blood from human volunteer donors were approved by the blood
donation service from Boehringer Ingelheim Pharma GmbH and Co KG following ethical
standards and local regulation.
Stimulation of primary human fibroblasts:
2x104 normal human lung fibroblasts (NHLF) obtained from Lonza were seeded in a 12-well
plate in media macrophage media without MCFS and simulated for 24 h with Salmonella LPS,
IL-36α; IL-36β; IL-36γ, GM-CSF and Poly I:C (LMW). Cells were cultured in an incubator at
37 °C at 5% CO2.
Single-cell RNA-sequencing
The 10x Genomics Chromium system and Single Cell 3’ Reagent v2 Kits (10x Genomics,
Pleasanton, CA) were used to generate scRNA-seq libraries according to the manufacturer’s
instructions. The reverse transcribed cDNA was first amplified by 14 PCR cycles and then
used to generate the sequencing library, which was finally amplified by 14 PCR cycles. The
sequencing library was purified as described by the manufacturer and then subjected to
another cleanup step using one volume of SPRISelect Beads (Beckman Coulter, Brea, CA,
USA) in order to remove leftover primers and dimers. The average length of the purified library
was 494 bp. A HiSeq 4000 and two 50-cycle SBS kits (Illumina, San Diego, CA, USA) were
used for sequencing and clusters were generated on a cBot using the HiSeq 3000/4000 PE
Cluster Kit. The paired-end sequencing run comprised a 26 bp read 1 (16 bp cell barcode and
10 bp UMI) and 98 bp read 2 (transcript sequence read) as well as a 8 bp index read. On
average, approximately 50,000 reads were sequenced per cell.
Data processing and analysis
Raw data were processed using the Cell Ranger v2.1.1(65) pipeline to finally obtain a count
matrix that was used as input for downstream analysis by the Seurat R package v3.0.0.9 (66).
During data processing, reads were aligned to the GRCm38 reference genome and annotated
according to Ensembl release 86 (67).
For downstream analysis low quality cells with < 300 detected genes and/or > 10 % of
mitochondrial transcripts were removed from the data set. Additionally, cells with > 5,000
detected genes and genes that were detected in less than three cells were removed from the
data set which left 3,075 cells and 14,728 genes for further analysis.
Data were then normalized and log-transformed per cell using the “NormalizeData” function.
In order to identify cell clusters within the data set, the highly variable genes were first
calculated by the “FindVariableFeatures” function and “mean.var.plot” method. Data were then
scaled and centered and principal component (PC) analysis was computed on the variable
genes using the “RunPCA” function. Cell clusters were then calculated using the first 13 PCs
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as input and a resolution of 0.2 and visualized by UMAP (68) representation that was also
calculated on the first 13 PCs.
Cell clusters were annotated based on the expression of characteristic marker genes. A small
cluster that represented 3,4 % of the cells was characterized by the expression of both,
macrophage and neutrophil marker genes (Suppl. Fig 6b,c) as well as a low UMI count that
was 12-fold and 2.3-fold lower than for macrophages and neutrophils, respectively. Therefore,
this cluster was identified as a low-quality cluster and removed for further analysis. Subcluster
analysis of the neutrophils was performed as described for the entire data set using only the
neutrophils. Neutrophil clusters were computed on the first ten PCs and a resolution of 0.2.
The first ten PCs were also used for UMAP dimensional reduction.
Differential expression analysis and gene set enrichment analysis
Differential expression analysis was calculated by the MAST R package v1.6.1 (69) via
Seurat’s “FindMarkers” function. Genes were kept for differential expression analysis if they
were detected in at least 10 % of the cells of the compared groups and considered to be
significantly differentially expressed if they were at least 1.5-fold differentially expressed with
a P value adjusted for multiple testing < 0.05 (Bonferroni correction). Gene set enrichment
analysis was performed for the significantly increased genes per neutrophil cluster using the
g:Profiler webtool (70) and the default settings data sources.
LPS exposure for single cell RNAseq study
Female C57BL/6JCR mice (18 – 20 g, Charles River Research Models and Services Germany
GmbH, Sulzfeld, Germany) were used for the acute LPS model that was used for the scRNAseq study. Mice were exposed to LPS as described in the section LPS aerosol exposure and
euthanized 4 hours post LPS inhalation by intraperitoneal pentobarbital injection (Narcoren,
Merial GmbH, Halbermoos, Germany). Mice were given ad libitum access to water and food
during the experiment.
Bronchoalveolar lavage and cell purification for single cell study
Bronchoalveolar lavage (BAL) was performed four times per animal using 0.8 mL of Hanks’
balanced salt solution per lavage per animal. For scRNA-seq analysis BAL fluids of eight
animals were equally pooled to obtain a single BAL pool that contained the same cell count
per animal. BAL cells were centrifuged at 400 g and 4°C for 5 min and the supernatant was
removed. The cell pellet was washed once using 10 mL of HBSS/0.04% BSA buffer and finally
resuspended in 500 µL of HBSS/0.04% BSA buffer and filtered through a 40 µm cell strainer.
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RNA isolation and qPCR:
Cells were washed with PBS and lysed using 350µL RLT buffer (350 µL, Qiagen #1053393).
RNA was purified using MagMax (biosystems #AM1830) following the manufacturer’s
instructions. RNA was transcribed to cDNA using the High Capacity cDNA Reverse
Transcription Kit (biosystems #4368813) according to the manufacturer’s instructions.
Taqman master mix (applied biosystems #4352042) was used to prepare the RT-qPCR
reaction mix. Taqman gene expression assays were obtained from ThermoFischer Scientific:
Housekeeper Hprt1: Mm03024075_m1 or 18S: Mm03928990_g1; IL1F9: Mm00463327_m1;
MMP-9: Mm00463327_m1; CXCL1: Mm04207460_m1; IL1β: Mm00434228_m1; IL1F6:
Mm00457645_m1; IL1F8: Mm01337546_g1;Il1a: Mm00439620_m1; Il6: Mm00446190_m1;
IL1RL2: Mm00519245_m1. Plates were prepared following the manufactures instructions and
analyzed on an Applied Biosystems QuantStudio 6 Flex Real-Time PCR System. Gene
expression was normalized to the housekeeper (dCt) and depicted as 2^(ddCt).
Cytokine measurements
To measure the protein concentrations in supernatant MSDs (Meso Scale Discovery,
Gaithersburg MD, USA; V-Plex Proinflammatory Panel 1 mouse Kit; K15048D-1; and ELISAs
such as the CXCL1/KC DuoSet ELISA (R&D Systems, #DY453-05) and the mouse IL-36γ
ELISA (Aviva Systems Biology, #OKEH03002) were used according to the manufacturer’s
instructions.
Statistical analyses and reproducibility
Data were analysed by using Prism 8 software package (GraphPad Software, San Diego, CA).
All data were expressed as mean and standard error of the mean (SEM) and were analysed
using Student’s t test or one-way ANOVA with a value of < 0.05 to considered statistically
significance. The reproducibility was determined by using several biological replicates and
repeating the experiment several times as indicated in the figure legends.
Data availability
All data are available from the corresponding author upon request and the data related to the
RNAseq experiment are deposited in GEO reference GSE159161.
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5.1.10 Figures

Fig. 1 IL-36γ as an upstream inflammatory driver in mouse neutrophils and alveolar
macrophages.
a Neutrophil and macrophage counts and myeloperoxidase concentration in the
bronchoalveolar lavage fluid (BALF) from room air (RA) exposed (WT n=9; Il36r-/- n=6) and
3-week cigarette smoke (CS) exposed mice (WT n=10; Il36r-/- n=10). b-d Neutrophil and
macrophage counts, CXCL1, IL-1α, IL-1β and GM-CSF protein concentrations of the BALF
from untreated (n=6) and IL-36γ exposed mice (intratracheal instillation) (n=7). e-f Cxcl1, Il1a,
Il1b, and Il36g mRNA expression in either (e) naïve mouse alveolar macrophages (pooled
n=15 mice) and stimulated in vitro with either no cytokines (-), IL-36g, or IL-1a/IL-1b; or (f) in
mouse bone marrow derived neutrophils (from n=4 mice ) in vitro stimulated with either no
cytokines (-), IL-36γ, GM-CSF, IL-36γ+GM-CSF. (g) Il36r and Il1r mRNA expression in mouse
bone marrow derived neutrophils (from n=4 mice) in vitro stimulated with no cytokines (-), IL36γ, GM-CSF, IL-36γ+GM-CSF. (a,e,f) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs
all other groups by one-way ANOVA and Tukey’s correction. (b,c,d,g) *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001 vs untreated by t test. (e) AMs were pooled from 15 mice, data
are presented as (mean ± SEM) of technical triplicates.
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Fig. 2 IL-36γ as an upstream inflammatory driver in human neutrophils and small airway
epithelial cells.
a-b CXCL1, IL1A, IL1B, and IL36G mRNA expression in human peripheral blood derived
neutrophils (from n=4 donors) in vitro stimulated with either no cytokines (-), IL-36, GM-CSF,
IL-36+GM-CSF. (b) IL36R and IL1R mRNA expression in human peripheral blood derived
neutrophils (from n=4 donors) neutrophils in vitro stimulated with no cytokines (-), IL-36, GMCSF, IL-36+GM-CSF. c-d CXCL1, GM-CSF and IL1 protein concentrations and CXCL1,
IL36G, GM-CSF, IL1A and IL1B mRNA expression in small airway epithelial cells (SAEC)
stimulated with either (-) or IL-36 (a,b) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, vs all other
groups by one-way ANOVA and Tukey’s correction. (c,d) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001 vs untreated by t test.
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Fig. 3 IL-36γ as an upstream amplifier in mouse macrophages and fibroblasts.
a Relative mRNA amounts of Il36r in naïve mouse bone marrow derived macrophages
(BMDMs, n=6) in response to no stimulation (-) or stimulation with GM-CSF and IL-36. b
CXCL1 protein concentrations in supernatant of BMDMs (n=4) after no stimulation (-), or
stimulation with IL-36 IL-1, IL-1 alone or in combination with GM-CSF and TGF c,d
Relative mRNA amounts of Il36g, Cxcl1, Il1a, Il1b, Il1r1, Il1rn and Il36rn in BMDMs (n=4) (c)
and primary mouse fibroblasts (n=4) (d) after no stimulation (-), or stimulation with IL36 IL-1, IL-1 alone or in combination with GM-CSF and TGF-ß. e Relative mRNA
amounts in primary mouse fibroblasts (n=4) of Il36r after no stimulation (-) or stimulation with
IL-36 or GM-CSF and TGF-ß. Shown are the mean values ± SEM of biological replicates.
(a-d) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs all other groups by one-way ANOVA
and Tukey’s correction. (e) *P ≤ 0.05, vs untreated by t test.
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Fig. 4 IL-36γ as an upstream amplifier in human macrophages and fibroblasts.
a Relative mRNA amounts in human monocyte derived macrophages (MDM) (depicted are
mean values ± SEM of technical triplicates from one representative of four experiments) of IL36G, IL-36R, IL1A and IL1B (b) and IL-36γ, IL-36R, IL1A, IL1B, GMCSF and CXCL1 in primary
human lung fibroblasts (n=4) after no stimulation (-), or stimulation with IL-36, GM-CSF
alone or with the combination of IL-36 and GM-CSF. Shown are the mean values ± SEM
of biological replicates. (a-b) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs all other
groups by one-way ANOVA and Tukey’s correction.
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Fig. 5 IL-36γ is critical in neutrophilic lung inflammation.
a Neutrophil counts in BALF from room air (RA) (n=18) exposed , or from 1 week (n=9), 2
week (n=9), and 3 week (n=8) cigarette smoke (CS) exposed mice, and from H1N1(4 days
post treatment) exposed mice (n=8), and from mice exposed to 2 weeks CS followed by 48hrs
of H1N1 exposure (n=8). b Relative mRNA amounts of IL-36g in the cellular BAL pellet from
room air (RA) and 2 week cigarette smoke (CS) exposed mice (time, n-number). c-d neutrophil
numbers in BALF and IL1β, CXCL1, and IL-6 protein concentrations in lung homogenate of
room air exposed mice (RA; n=4), 2 week CS exposed mice (n=4-8) and 2 week CS exposed
mice challenged with H1N1 for 48hrs (CS+H1N1) (n=4-8). e Neutrophil numbers in BALF and
relative mRNA amounts of IL-36g and Cxcl1 in lung homogenate from room air exposed (RA,
n=5) and 2 week CS exposed mice challenged with H1N1 for 48hrs (n=7-8) exposed WT and
Il36r-/- mice. f,g IL1β, CXCL1, IL6 and TNF protein concentrations in BALF and in lung
homogenate from room air exposed (RA, n=5) and 2 week CS exposed mice challenged with
H1N1 for 48hrs (n=7-8) exposed WT and Il36r-/- mice. Depicted are mean values ± SEM of
biological replicates. (a, c-g) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs all other
groups by one-way ANOVA and Tukey’s correction. (b) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001 vs untreated by t test.
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Fig. 6 IL-36γ cooperates with poly(I:C) on mouse macrophages and fibroblasts.
a Relative mRNA amounts of Il36g, Cxcl1, Il1a and Il1b in mouse neutrophils (n=2-6) either
unstimulated with (-), or stimulated with IL-36αβγ, poly(I:C) or the combination of IL-36αβγ and
poly(I:C) (depicted are mean values ± SEM of biological replicates). b Relative mRNA
amounts of Il36g, Cxcl1, Il1a, Il1b and Gmcsf in BMDMs (n=4) and primary mouse fibroblasts
(n=4) (depicted are mean values ± SEM of biological replicates) unstimulated (-) or stimulated
with IL-36αβγ, poly(I:C) or the combination of IL-36αβγ, and poly( I:C). *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001 vs all other groups by one-way ANOVA and Tukey’s correction.
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Fig. 7 IL-36γ cooperates with poly(I:C) on human macrophages and fibroblasts.
a-b Relative mRNA amounts of IL36G, CXCL1, IL1A, IL1B and GMCSF in human fibroblasts
and human MDMs (depicted are mean values ± SEM of technical triplicates from one
representative of three to four experiments) unstimulated (-) or stimulated with IL-36αβγ,
poly(I:C) or the combination of IL-36αβγ, and poly( I:C). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001 vs all other groups by one-way ANOVA and Tukey’s correction.
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Fig. 8 Small airway epithelial cells as the main cellular source of GMCSF.
a-b GM-CSF, CXCL1, IL-36γ, IL-1α and IL-1β protein concentrations and GMCSF, CXCL1,
IL36G, IL1A and IL1B mRNA expression of lung epithelial basal cells from healthy donor
stimulated with poly(I:C) and LPS (depicted are mean values ± SEM of technical triplicates
from one representative of three experiments). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤
0.0001 vs all other groups by one-way ANOVA and Tukey’s correction.
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Fig. 9 Neutrophils are a source of IL-36γ in acute lung injury.
a UMAP representation of the cell populations identified in BAL from LPS exposed mice. Cell
identity is indicated by the color code. Relative frequency of the cell types is shown in the bar
plot using the same color code. b Violin plots display normalized expression levels of Il36g
(Il1f9), Il1a, Il1b and Cxcl1 across the different cell populations. c Relative mRNA amounts of
the same genes used in (b) after 4 h in vitro LPS stimulation of naïve mouse alveolar
macrophages (AM) and naïve mouse bone marrow derived neutrophils; depicted are mean
values ± SEM of biological duplicates (each biological duplicate represents pooled AMs from
4 mice) and n=8 from the neutrophils analyzed by one-way ANOVA. d Visualization of
normalized IL-36g (Il1f9) expression levels per single cell. e mRNA expression of IL36G after
LPS stimulation in vitro of human neutrophils, MDMs (depicted are mean values ± SEM of
technical triplicates from one representative of three to four experiments) and human
fibroblasts n=4. Data represents the depicted mean ± SEM of biological replicates; *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs untreated by t test.
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Fig. 10 Proposed signaling pathways involving IL-36 as an upstream amplifier in neutrophilic
lung inflammation.
1 Chronic (e.g. cigarette smoke) or acute (H1N1 or poly(I:C) injury to the lung epithelium
promotes release of CXCL1 and GMCSF. 2 CXCL1 promotes neutrophil recruitment while
GM-CSF up-regulates the IL-36R and IL1RN on neutrophils and promotes IL-36γ expression.
3 IL-36γ activates neutrophils to generate IL1 and IL36. 4 IL-36γ subsequently activates
alveolar and interstitial macrophages and fibroblasts to generate IL-1, CXCL1, GM-CSF,
MMPs and more IL-36. GM-CSF also up-regulates the lL36R on macrophages and on
fibroblasts and sensitizes cells to IL-36. 5 Poly(I:C) as TLR agonist cooperates with IL-36γ in
amplifying activation of macrophages and fibroblasts. Note that IL-36RN is not induced while
IL1RN is induced, shifting the balance towards heightened responsiveness to IL-36.

48

5.1.1 Supplementary figures

Suppl. Fig. 1 IL-36γ as an upstream inflammatory driver in mouse neutrophils and alveolar
macrophages.
a Cxcl1 and Il6 mRNA expression of the BAL pellet from untreated (n=6) and IL-36γ exposed
mice (intratracheal instillation) after 10, 20 and 30 min (n=7). b Il36g, Il36r and Cxcl1 mRNA
expression in naïve mouse alveolar macrophages (pooled n=15 mice) and stimulated in vitro
with either no cytokines (-), TNF-a, IL-1β or IL-36αβγ. c-d Cxcl1, Il36g, Il1b, Il1a, and IL6
mRNA expression in naïve mouse alveolar macrophages (pooled n=15 mice) and stimulated
in vitro with either no cytokines (-), IL-36 αβγ, or IL-1α/IL-1β; or LPS (d) Il36g, Cxcl1, Il1b, Il1a,
and Il1rn mRNA expression in mouse bone marrow derived neutrophils (from n=4 mice ) in
vitro stimulated with either no cytokines (-), IL-1α/IL-1β; GM-CSF, IL-1α/IL-1β+GM-CSF or IL36γ+GM-CSF. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs all other groups by oneway ANOVA and Tukey’s correction.
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Suppl. Fig. 2 IL-36γ as an upstream amplifier in mouse macrophages and fibroblasts.
a Relative mRNA amounts in naïve mouse bone marrow derived macrophages (BMDM) (n=4)
of Il36g, Cxcl1, Il1a, Il1b, Il1r1, Il1rn and Il36rn after no stimulation (-) and after stimulation with
IL-36 IL1, IL1. b Relative mRNA amounts of Il1a, Il1b, Cxcl1,IL-36g Il1r1, Il1rn, and IL36a in primary mouse lung fibroblasts (n=4) after stimulation with IL-36, IL1, or IL1 relative
to untreated c Protein concentrations of MMP-9 in supernatant and relative mRNA amounts
of Mmp9 in primary mouse lung fibroblasts (n=4) and BMDMs (n=4) after IL-36 stimulation
relative to no stimulation (-). All data are depicted as mean ± SEM from biological replicates.
(a,b) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs all other groups by one-way ANOVA
and Tukey’s correction. (c) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs untreated by
t test.
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Suppl. Fig. 3 IL-36γ as an upstream amplifier in human macrophages and fibroblasts.
a Relative mRNA amounts in human monocyte derived macrophages (MDM) (depicted are
mean values ± SEM of technical triplicates from one representative of four experiments) of
CXCL1 after no stimulation (-), and after stimulation with IL-36αβγ, GMCSF or the combination
of IL-36αβγ and GMCSF. ***P ≤ 0.001 vs all other groups by one-way ANOVA and Tukey’s
correction.
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Suppl. Fig. 4 IL-36γ is critical in neutrophilic lung inflammation.
a Percent reduction of IL1, CXCL1, IL6 and TNF protein concentrations in BALF and lung
homogenate of IL-36r-/- mice after CS+H1N1 exposure (comparing data in Fig. 5f,g). b
Neutrophil numbers in BALF and IL1ß, CXCL1 and IL6 protein concentrations in lung
homogenate from room air exposed (RA, n=8) and CS+H1N1 (n=8) exposed WT and Il1rap-/mice. c Percent reduction of neutrophil numbers in BALF and CXCL1, IL1 and IL6 protein
concentrations in lung homogenate from IL-36r-/- and Il1rap-/- mice after CS+H1N1 exposure
(comparing data from Fig. 5g with Suppl. Fig. 4a). Depicted are mean values ± SEM of
biological replicates. (b) **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs all other groups by oneway ANOVA and Tukey’s correction.
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Suppl. Fig. 5 IL-36γ cooperates with poly(I:C) on macrophages and fibroblasts.
a-b Neutrophils and macrophage numbers in BAL and GMCSF, CXCL1 and MMP9 protein
concentrations in BALF and relative Il36g mRNA amounts in the BAL cell pellet of untreated
(n=4) and poly(I:C) exposed mice (n=8) for the indicated amounts of time. c Relative mRNA
amounts of Il36g, Cxcl1, Il1a, Il1b and Il36r in alveolar macrophages stimulated with poly(I:C)
in vitro (AMs were pooled from 4 naïve). d;f CXCL, IL-36, GM-CSF and MMP9 protein
concentrations in supernatants from BMDM (n=2) and primary mouse lung fibroblasts (n=4)
either unstimulated (-) or stimulated with IL-36, poly(I:C) or the combination of IL36 and poly(I:C). e Relative mRNA amounts of Il36r in BMD-M (n=4) and primary mouse
lung fibroblasts (n=4) as well as after poly(I:C) stimulation. g Relative mRNA amounts of Infb1
in BMDMs (n=4) and primary mouse lung fibroblasts (n=4) and BMDMs (n=4) after IL-36,
poly(I:C) or the combination of IL-36 and poly(I:C) relative to no stimulation (-). (Depicted
are mean values ± SEM of biological replicates). (a,b,d,f,g) *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001 vs all other groups by one-way ANOVA and Tukey’s correction. (c,e) *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs untreated by t test.
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Suppl. Fig. 6 Neutrophils are a source of IL-36γ in acute lung injury.
a Neutrophil number in BAL samples from untreated and 2, 4, 6, 8, 12, 18, 24, 36, 48 and 60
hours post LPS exposure (n=8). b UMAP representation of the cell clusters (left) and cell
populations (right) identified in BAL of mice 4 h after LPS stimulation. c Expression of the
marker genes used to annotate the cell types. Data are shown per cell type using the color
code used in (a). Scaled average expression levels are indicated by the dot color and dot size
indicates the fraction of cells that express the respective marker gene. d Visualization of Il36a
(Il1f6) expression levels per single cell. Normalized expression values are indicated by the
color code. e Il36a, Il36b and Il36g mRNA expression of alveolar macrophages unstimulated
(-), or exposed to LPS for 4 h (Depicted are mean values ± SEM of biological replicates). f
UMAP representing the subclusters (N1 and N2) identified within the neutrophils from (b). g
Gene set enrichment analysis (GSEA) of the neutrophil subclusters N1 and N2. Selected
pathways are shown per subcluster. h Visualization of Mmp9 expression in neutrophils.
Normalized expression levels per single cell are indicated by the color code.
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5.2.1 Abstract
Current treatments fail to modify the underlying pathophysiology and disease progression of
chronic obstructive pulmonary disease (COPD), necessitating novel therapies. We
demonstrate an imbalance between IL-36γ and the IL-36 receptor antagonist, IL-36RA in
COPD. We show COPD patients have increased IL-36γ and decreased IL-36RA in
bronchoalveolar and nasal fluid compared to control subjects. This is markedly activated by
neutrophil serine proteases. IL-36γ is derived mainly from small airway epithelial cells (SAEC)
and further induced by a viral mimetic, whereas IL-36RA is derived from macrophages. IL-36γ
stimulates release of the neutrophil chemoattractants CXCL1 and CXCL8, as well as MMPs
from small airway fibroblasts (SAF). Transfer of media from SAEC to SAF stimulates release
of CXCL1 that is inhibited by exogenous IL-36RA. We have demonstrated a novel mechanism
for the amplification and propagation of neutrophilic inflammation in COPD and blocking this
cytokine family could be a promising therapeutic strategy in COPD.
Key words: COPD, IL-36, IL-1, CXCL1, macrophages, epithelial cells, neutrophils, fibroblasts,
cellular cross-talk

Summary: Imbalance between IL-36 receptor agonists and antagonist may drive lung
neutrophilic inflammation in COPD. As currently there are no disease modifying drugs
for COPD, targeting IL-36 cytokines may be a novel therapeutic strategy.
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5.2.2 Introduction
Chronic obstructive pulmonary disease (COPD) is a major global health burden which affects
~10% of people over 45 years of age and is the 3rd commonest cause of death in the world
(Collaborators, 2020). COPD is a chronic inflammatory lung disease, associated with
increased numbers of inflammatory cells, including macrophages, neutrophils and
lymphocytes
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progressive airflow limitation due to small airway fibrosis and parenchymal destruction
(emphysema). Current therapies targeting the inflammatory mediators of COPD have been
poorly effective clinically and do not reduce disease progression, so novel anti-inflammatory
approaches are greatly needed (Barnes, 2019).
Interleukin (IL)-36 cytokines belong to the IL-1 superfamily and comprise three receptor
agonists (IL-36α, IL-36β and IL-36γ) and two receptor antagonists (IL-36RA and IL-38)
(Bassoy et al., 2018a). The IL-36 receptor comprises a heterodimer of the IL-36R and the IL1 receptor accessory protein (IL-1RAcP), so that IL-36R competes with the IL-1R for IL-1RAcP
(Gresnigt and van de Veerdonk, 2013). Binding of IL-36 agonists to the receptor leads to the
recruitment of IL-1RAcP and subsequent down-stream signalling via nuclear factor (NF)-кB
and mitogen-activated protein kinase (MAPK) pathways (Bassoy et al., 2018b). IL-36
cytokines may therefore play an important role in the chronic release of pro-inflammatory
cytokines and chemokines in inflammatory conditions, such as COPD.
IL-36α, IL-36β, IL-36γ and IL-36RA are all secreted in an inactive form and require N-terminal
cleavage by serine proteases to induce a 500-fold increase in their activity (Henry et al., 2016).
IL-36 isoforms are cleaved by neutrophil products, specifically neutrophil elastase, proteinase3 and cathepsin G, with each exhibiting selectivity (Clancy et al., 2018). Neutrophils are
markedly increased in the lungs and airways of patients with COPD and are associated with
increased secretion of several proteases (Stockley, 1999); which are further increased during
acute exacerbations (Barnes, 2016b; Gompertz et al., 2001). In COPD, this could lead to
persistent activation of IL-36 and subsequent downstream inflammatory signalling.
Elevated levels of IL-36 cytokines have recently been described in COPD, with IL-36α and IL36γ being elevated in plasma and bronchoalveolar fluid (BALF) from smokers with and without
COPD compared to healthy controls (Kovach et al., 2020). IL-36γ is also elevated in sputum
samples from COPD patients, with this being associated with a neutrophilic phenotype (Li et
al., 2021). As well as the importance of examining the levels of receptor agonists, a recent
study suggests there is a reduction in IL-36RA in both the serum and the sputum of pediatric
asthmatic patients (Liu et al., 2020). These authors also showed that intra-nasal administration
of IL-36RA in a murine model of asthma reduced airway hyperresponsiveness and
inflammatory cell infiltrates into the lung (Liu et al., 2020).
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Most of the current understanding of the role of IL-36 in respiratory disease has come from invivo mouse models of lung disease. Intra-tracheal instillation of Pseudomonas aeruginosa in
mice increased expression of IL-36α and IL-36γ in bronchoalveolar lavage (BAL) fluid and
lung homogenates (Aoyagi et al., 2017a). Subsequent in-vitro experiments confirmed that this
was due to increased expression by alveolar macrophages and epithelial cells (Aoyagi et al.,
2017b). Of note, knockout of either IL-36R or IL-36γ, but not IL-36α, protected against lung
damage and increased survival time caused by infection of this bacterium (Aoyagi et al.,
2017b). By contrast, when mice were exposed to an intranasal influenza viral challenge, there
was induction of IL-36α, but not IL-36γ protein in the lung, although IL-36γ mRNA was induced
(Aoyagi et al., 2017a). Others have suggested that IL-36γ is up-regulated following viral
infection and is a protective mechanism due to skewing of macrophage phenotypes towards
a more resolving M2 phenotype (Wein et al., 2018). We have recently shown that intratracheal
delivery of IL-36γ into the lung of mice increases neutrophil chemokines and numbers. Using
a COPD exacerbation model of cigarette smoke exposure in combination with influenza H1N1,
we showed that IL-36RA KO mice have reduced neutrophil recruitment into their lungs and
inflammatory mediators (Koss et al., 2021).
Studies using human airway cells have shown that bronchial epithelial cells stimulated with
the viral mimetic, dsRNA, induced expression of IL-36γ that was further enhanced by IL-17
(Chustz et al., 2011). IL-36γ, but not IL-36α, was also induced in human peripheral blood
mononuclear cells (PBMC) by the fungus Aspergillus fumigatus (Gresnigt et al., 2013). This is
important as 37% of stable COPD patients are colonised with A. fumigatus (Bafadhel et al.,
2014), potentially due to an inability of COPD macrophages to phagocytose these fungal
spores (Wrench et al., 2018). IL-36α, β and γ all induce protein and gene expression of IL-6
and CXCL8 in normal human lung fibroblasts and bronchial epithelial cells, whereas
exogenous addition of IL-36RA reduces these mediators (Zhang et al., 2017). This suggests
that IL-36 cytokines may induce the release of these proinflammatory cytokines via NF-κB and
MAPK signalling (Zhang et al., 2017).
Elevated concentrations of IL-36 cytokines have been associated with a variety of chronic
inflammatory diseases, including generalized pustular psoriasis (GPP), inflammatory bowel
disease, rheumatoid arthritis, and systemic lupus erythematosus. Loss of function mutations
within the IL-36RA gene (IL-36RN) may result in GPP, an inflammatory skin disease
characterized by elevated proinflammatory cytokines and immune cell and neutrophil
infiltrates (Marrakchi et al., 2011). Furthermore, there are promising data emerging from a
completed phase 1 clinical trial using a neutralising antibody targeting IL-36R in this disease
(Bachelez et al., 2019). However, the role of the IL-36 family of cytokines has not been
explored in COPD.
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In the current study, we hypothesized that there is an altered expression of IL-36 cytokines in
the COPD lung and this imbalance drives the characteristic neutrophilic inflammation seen in
this disease. We therefore examined the expression of IL-36 agonist and antagonist cytokines
in the lungs of COPD patients compared to healthy individuals. We studied the cellular source
of IL-36 within the lung and identified the effector cells of this family of proinflammatory
cytokines. We also examined the mechanism by which IL-36 may amplify neutrophilic
inflammation in the lungs of COPD patients and highlight a critical role for these cytokines in
perpetuating inflammation and progression in COPD.
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5.2.3 Results
Increased IL-36 cytokines in COPD
Firstly, IL-36 cytokines were examined in BAL fluid from age-matched non-smokers, smokers
and COPD patients. Elevated concentrations of IL-36γ were found in both smoker and COPD
patients compared to non-smokers (Fig. 1A), whereas IL-36α and IL-36β were not detected
(Supplementary Fig. 1A, B). Increased release of IL-36γ was also measured in nasal
secretions from COPD patients compared with control subjects (Fig. 1B) with these levels
being much higher (ng/ml) than the diluted BAL fluid. No changes in IL-36α or IL-36β were
observed in nasal fluid samples (Supplementary Fig. 1C, D), suggesting that IL-36γ is
specifically up-regulated in the airway mucosa. IL-36 cytokines have been also shown to be
altered in the serum (Kovach et al., 2020) and sputum of COPD patients (Li et al., 2021). We
therefore examined IL-36 cytokines levels in these samples. IL-36γ, was not elevated in
sputum samples from smokers or COPD patients (Fig. 1C), although levels were detectable
and trended towards an increase. Neither IL-36α nor IL-36γ were altered in COPD serum
samples, with most below the level of detection of the assay (Supplementary Figure 1E and
F). Gene expression was also examined in lung homogenate samples from non-smokers,
smokers and COPD patients. IL-36γ was shown to be significantly up-regulated in COPD
patients (Fig. 1D).
Cellular source of IL-36 in the lung
To determine the source of elevated IL-36γ within the airways of COPD patients, gene
expression of IL-36 cytokines were examined in key cells involved in COPD pathogenesis:
lung tissue-derived macrophages (TMφ), small airway fibroblasts (SAF) and small airway
epithelial cells (SAEC). TMφ from COPD patients displayed a non-significant trend towards
increased IL-36γ expression in cells from smokers and COPD patients compared with controls
(Fig. 2A). Expression of IL-36α was unchanged between patient groups, whilst IL-36β RNA
was significantly down-regulated in smokers but unchanged in COPD patients compared to
non-smokers (Supplementary Fig. 2A and 3B). IL-36α expression was not detected in SAF
and there was no difference in gene expression of IL-36γ between COPD SAF and nonsmokers (Fig. 2B), with a similar pattern for IL-36β (Supplementary Fig. 2C). In contrast, IL36γ expression was significantly increased in COPD SAEC compared to non-smokers (Fig.
2C), with a significant increase in IL-36α expression but no change in IL-36β expression
(Supplementary Fig. 2D and E). IL-36γ protein release from TMφ and SAF was below the level
of detection. However, IL-36γ release from SAEC was detectable and COPD SAEC released
significantly more IL-36γ compared to non-smoking controls (Fig. 2D), suggesting that airway
epithelial cells could be a main source of IL-36γ in peripheral airways, under basal conditions,
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and that these cells may be responsible for the elevated levels observed in BAL fluid and nasal
secretions in COPD.
IL-36RA is reduced in COPD
IL-36 signalling can be modulated by binding of IL-36RA to the IL-36R, thereby supressing
receptor activation (Bassoy et al., 2018a). Genetic mutations in the IL-36RA can drive disease,
with a loss of function mutation in IL-36RA being a likely mechanism in GPP (Marrakchi et al.,
2011). These data suggest not only the importance of the up-regulation of IL-36 agonists, but
also modulation of the IL-36 receptor antagonist. The levels of IL-36RA in the context of COPD
have not previously been reported.
The protein levels of IL-36RA in BAL fluid were significantly reduced in COPD patients
compared to non-smokers (Fig. 3A). A similar reduction was found in sputum samples from
COPD patients (Fig. 3B). IL-36RA gene expression was also examined in lung homogenate
samples taken from non-smokers, smokers and COPD patients and was significantly downregulated in the COPD patients compared to smokers (Fig. 3C), with the latter showing a trend
towards increased IL-36RA expression, potentially as a protective mechanism. To determine
the cellular source of IL-36RA, we examined gene expression of IL-36RA in different cells. IL36RA was significantly down regulated in TMφ from COPD patients compared to both nonsmoker and smoker samples (Fig. 3D), this appeared to be specific for the receptor antagonist
of IL-36 as this was not seen for IL-1RA (Supplementary Fig. 2F). SAEC displayed a significant
increase in IL-36RA in cells from COPD patients (Fig. 3E), whilst there was no change in
expression of IL-36RA in SAF between non-smoker and COPD patients (Fig. 3F). The gene
expression of the other IL-36 antagonist, IL-38 was undetectable in all cell types. These data
suggest along with elevated levels of IL-36γ in COPD patients, there is dysregulation of the
receptor antagonist which may further exacerbate the effects of IL-36 on the lung.
IL-36γ induction
As SAEC appear to be the main source of IL-36γ, we investigated whether SAEC could be
stimulated to release more IL-36γ in response to stimuli which may exacerbate COPD. We
showed that many of the common airway epithelium stimulants, such as cigarette smoke
extract (CSE), TNFα, or the common colonising respiratory pathogen, Haemophilus influenzae
failed to stimulate IL-36γ release (Fig. 4A). However, the TLR3 agonist, poly I:C stimulated
release of IL-36γ from SAEC (Fig. 4A) in a concentration-dependent manner (Fig. 4B) with
cells from COPD patients releasing more because of a higher baseline release of this cytokine.
However, poly I:C failed to induce further release of IL-36α (Supplementary Fig. 3A) and IL36β protein was undetectable in these cells. The same stimuli were applied to non-smoker
and COPD SAF, with non-smoker SAF being unresponsive to stimuli, whilst COPD SAF
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released more IL-36γ in response to all stimuli, although these were at a low level compared
to SAEC (Supplementary Fig. 3B). These data suggest that COPD SAEC may respond to viral
infection by releasing IL-36γ, perpetuating the already elevated levels of IL-36γ in the lung.
Effect of glucocorticosteroids
As glucocorticosteroids are often given as an anti-inflammatory treatment to many COPD
patients, particularly during viral-induced exacerbations, we examined whether TLR3
induction of IL-36γ was glucocorticosteroid-sensitive. However, increasing concentrations of
the glucocorticosteroid, budesonide, had little effect on poly I:C-stimulated release of IL-36γ
from SAEC (Fig.4C). These data suggest that treatment of a viral exacerbation with steroids
will not supress the elevated levels of IL-36γ that may be induced during a viral infection.
Effects of IL-36γ on lung cells
IL-36γ activates multiple different cell types (Bassoy et al., 2018a). Therefore, we investigated
which pulmonary cells are the likely targets in COPD. TMφ, SAEC and SAF from COPD
patients and controls were stimulated with activated IL-36γ and release of CXCL1 (GRO-α),
CXCL8 (IL-8), IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF) were
measured, as they are all are increased in COPD lungs. Non-smoker, smoker and COPD TMφ
were unresponsive to IL-36γ, with no change in CXCL8 or IL-6 release (Fig. 5A, B). Stimulation
of SAEC with IL-36γ, led to a modest increase in both CXCL8 and IL-6 (Fig. 5C and D).
However, there was a significant increase in CXCL1 release from non-smoker SAEC, but this
did not reach statistical significance in COPD SAEC (p=0.07) (Fig. 5E); although, this may
reflect the higher baseline release of CXCL1 in COPD.
In contrast to the data derived from TMφ and SAEC, stimulation of SAF with IL-36γ induced a
large and significant increase in the release of CXCL8, IL-6, CXCL1 and GM-CSF (Fig. 6A-D),
with no difference between control and COPD cells. The magnitude of cytokine release was
some 25-fold higher than from SAEC. These data strongly suggest that SAF are a key effector
cell type for IL-36γ in the airways. Furthermore, these proinflammatory cytokines and
chemokines are elevated in COPD patients (Barnes, 2009; Schulz et al., 2003; Traves et al.,
2002) and may be responsible for neutrophil recruitment into the airways, which is a key
feature of this disease. To examine whether these effects were specific to IL-36γ or if there
was an additive effect of all three cytokines in combination, all cell types were treated with the
individual IL-36 isoforms or in combination. CXCL8 release from SAF, SAEC and TMφ, was
the same for each isoform and when in combination, with SAF still releasing the greatest levels
of cytokines in response (Supplementary Fig 4A-C). These data again strongly suggest that
SAF are the effector cell type for IL-36γ and may have a key role in neutrophil recruitment
observed in this disease via increased neutrophil chemokine release.
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SAF are found at the site of airways obstruction in COPD and are important in the development
of peribronchiolar fibrosis which is the hallmark of early disease (Koo et al., 2018). Matrix
metalloproteinases (MMP)-2 and MMP-9 are increased in COPD and are highly activated
(Churg et al., 2012; Russell et al., 2002). SAF from COPD patients release increased levels
of active MMP-2 (4.6 fold) and total MMP-9 (4.7 fold) when stimulated with IL-36γ (Fig. 6E),
and stimulation of these cells with any of the IL-36 isoforms appears to lead to an increase in
activation of MMP-2 (Fig. 6E). Taken together, these data highlight the potential role of SAF
in driving neutrophil recruitment and airway remodelling in COPD.
Fibroblast phenotypes are also altered in COPD, with differentiation towards myofibroblasts,
leading to greater collagen deposition within the lung (Karvonen et al., 2013). We therefore
examined the effect of IL-36γ on these fibrosis markers in comparison with IL-1β, to determine
whether other members of the IL-1 family elicited similar effects. COL1A1 and COL3A1 gene
expression appeared unchanged in SAF from both non-smoker and COPD patients when
treated with either IL-36γ or IL-1β (Supplementary Fig. 5A and B). However, α-SMA, a
myofibroblast differentiation marker was significantly decreased in SAF from both non-smoker
and COPD patients by both IL-36γ and IL-1β (Supplementary Fig 5C), suggesting IL-36γ was
driving these cells away from a myofibroblast phenotype, to a potentially more proinflammatory
and proteolytic state. This was confirmed by an increase in CXCL8, IL-6 and MMP-9 gene
expression in these cells (Supplementary Fig 5D-F). Interestingly, as seen previously with
protein release, SAEC stimulated with IL-36γ did not respond as robustly as fibroblasts, with
only a small but significant change in the gene expression of CXCL8 and IL-6, but no change
in MMP2 or MMP9 (Supplementary Fig. 5K-L).
IL-36RA may be induced by IL-36 cytokines as a negative feedback loop. We therefore also
examined the effect of IL-36γ and IL-1α on gene expression of IL-36RA. We observed
increased expression of IL-36RA in response to IL-36γ in non-smoker SAF, but this was
blunted in COPD SAF (Supplementary Fig 5G). Similarly, IL-1α caused a significant increase
IL-36RA in non-smoker SAF, but this was not seen in COPD SAF (Supplementary Fig 5G).
Interestingly, IL-1RA was induced in both non-smoker and COPD SAF when stimulated with
IL-1α, but when stimulated with IL-36γ the response was again blunted in COPD patients
(Supplementary Fig 5H). This suggests that IL-36γ mediated upregulation of IL-36RA is
attenuated in COPD, resulting in increased activity of IL-36γ.
Effect of glucocorticosteroids on IL-36γ responses
As inhaled glucocorticosteroids are commonly used in the treatment of COPD, we examined
whether IL-36γ-driven inflammation was steroid-sensitive. SAF from non-smokers and COPD
patients were stimulated with IL-36γ and the effect of increasing concentrations of budesonide
on the release of the chemokines and cytokines was examined. Interestingly, CXCL8, IL-6
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and GM-CSF were all reduced by budesonide in a concentration-dependent manner (Fig. 7AC). However, CXCL1, one of the major neutrophil recruiting chemokines in COPD, was
surprisingly increased by budesonide treatment (Fig. 7D), suggesting that steroid treatment
may paradoxically further perpetuate IL-36γ inflammation by increasing neutrophil recruitment.
Serine proteases activate IL-36γ
Previous studies have suggested that intratracheal instillation of IL-36 into the lungs of mice
induces neutrophil recruitment (Koss et al., 2021; Ramadas et al., 2012; Ramadas et al.,
2011). Recruitment and subsequent activation of neutrophils at the site of inflammation in the
lung leads to the release of proteolytic enzymes, such as the serine proteases neutrophil
elastase, proteinase-3 and cathepsin G, all of which are elevated in the COPD lung (Stockley,
1999). Elevated numbers of neutrophils and macrophages are found within the lungs of COPD
patients (Barnes, 2016a), with both cell types releasing proteases, which when unchecked
can lead to damage and remodelling of the lung (Churg and Wright, 2005). Neutrophil
elastase, proteinase-3 and cathepsin G have all been suggested to cleave IL-36 cytokines,
although there are conflicting results within the literature (Ainscough et al., 2017; Clancy et al.,
2018; Henry et al., 2016). We therefore assessed whether neutrophil proteases (neutrophil
elastase, proteinase-3 and cathepsin G) or a macrophage protease (MMP-9) could cleave and
activate IL-36γ. Uncleaved IL-36γ was incubated with various concentrations of these
proteases. Our results show that only cathepsin G and proteinase-3 were capable of cleaving
IL-36γ into its active form (Fig. 8A), suggesting neutrophil proteases could activate IL-36γ in
COPD.
As it appeared that neutrophil proteases cleaved IL-36γ, we next sought to see whether
activated neutrophil products from both non-smokers and COPD patients could cleave and
activate IL-36γ. Un-cleaved IL-36γ was converted to the active form by both non-smoker and
COPD fMLP-activated neutrophils, although data suggest basally released COPD neutrophil
products may be able to cleave IL-36γ (Fig. 8B and C). Elevated numbers of neutrophils within
the COPD lung may therefore have the capability to further activate IL-36 cytokines further
amplifying the inflammation IL-36γ may cause within the COPD lung.
IL-36RA prevents inflammatory cross-talk between COPD SAEC and SAF
As we have shown that IL-36RA is down-regulated in COPD patients and may exacerbate the
inflammatory response of IL-36 cytokines in the COPD lung, we investigated whether reintroduction of IL-36RA could inhibit IL-36γ driven inflammation. Experiments were devised
whereby media from poly I:C stimulated SAEC from COPD patients was transferred to COPD
SAF and CXCL1 measured as an output. A schematic of the experiment is depicted in Figure
9A. The transferred media contained IL-36γ (unstimulated: 15.9 pg/ml; stimulated 307.9 pg/ml)
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and CXCL1 (unstimulated: 1.9ng/ml; stimulated 3.1 ng/ml). Native media led to CXCL1 release
as previously seen, however denaturation of media ablated CXCL1 release from SAF (Figure
9B and C). To show that the induction to CXCL1 in the SAF was a consequence of a protein
mediator within the media, the media was boiled to denature proteins and SAF treated with
this media (Figure 9C). Having established a media transfer system, SAF were then treated
for 2 hours with 100 ng/ml of recombinant IL-36RA, before being treated with SAEC media.
Pre-treatment with IL-36RA led to a significant reduction in CXCL1 release from SAF treated
with poly I:C-stimulated SAEC media (Fig. 9D). These data suggest that blocking IL-36R via
IL-36RA can prevent the cross talk between virally stimulated COPD SAEC and COPD SAF,
suggesting the blocking IL-36 signalling may reduce this inflammatory response.
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5.2.4 Discussion
Neutrophilic inflammation is characteristic of COPD airways, and this is associated with
increased expression of neutrophil chemoattractants, CXCL1 and CXCL8 (Keatings et al.,
1996; Traves et al., 2002). Our study describes a novel mechanism for the amplification and
perpetuation of chronic neutrophilic inflammation in COPD patients. We confirm previous
findings that IL-36γ, but in this study not IL-36α, is elevated in the lungs of COPD patients but
show for the first time that there are reduced levels of the endogenous IL-36 inhibitor, IL-36RA,
suggesting enhanced IL-36 signalling in COPD lungs. Examining multiple cell types from nonsmokers, smokers and COPD patients we established that elevated levels of IL-36γ in COPD
BAL and nasal fluid is potentially derived from epithelial cells, which release higher basal IL36γ levels than cells from non-smokers. Examining different cell types, we show that SAF
appear to be the main IL-36γ effector cell, releasing marked amounts of chemokines,
proinflammatory cytokines and proteases upon stimulation. These elevated chemokines
recruit neutrophils into the lung that may activate the elevated IL-36γ, by releasing serine
proteases capable of cleaving IL-36γ into its active form; our data suggest these proteases
are cathepsin G and proteinase-3, but not neutrophil elastase. We show that treating SAF with
IL-36RA inhibits viral-induced IL-36-mediated inflammatory cross-talk between SAEC and
SAF in COPD. IL-36γ may therefore drive COPD pathophysiology via the recruitment and
activation of neutrophils into the lung, leading to small airway remodelling, emphysema, and
mucus hypersecretion (Fig. 10).
IL-36γ was the only IL-36 family agonist detected in BAL fluid and levels were elevated in both
smokers and COPD patients. Previously, Kovach et al., reported that IL-36α may also be
elevated in the BAL of COPD patients and smokers, as well as IL-36γ, and in agreement with
our study, that IL-36β was undetectable. These data suggested this may be due to smoking
(Kovach et al., 2020). However, exposure of SAEC to cigarette smoke extract in-vitro, did not
stimulate release of IL-36γ in our study. This again contrasts with Kovach et al., who found
increased release of IL-36γ in response to CSE. However, these cells were also of bronchial
origin and may reflect a different response to CSE to epithelial cells for peripheral airways,
which are believed to be the major effector cell in COPD. This may also reflect differences in
chronic exposure as opposed to a more acute exposure in our in vitro cell system. Others
have reported increased IL-36γ mRNA expression in response to CSE in bronchial epithelial
cells, but only after 8 hours and was reduced 2-fold after 24 hours stimulation (Parsanejad et
al., 2008). Although smoking may affect IL-36γ release it appears that this unlikely to alone
account for the elevated basal release of COPD SAEC.
A clear difference between smokers and COPD patients was reduced expression of IL-36RA.
The loss of this natural antagonist of IL-36 may amplify and perpetuate IL-36 mediated
inflammation and cause greater effects within the lungs of COPD patients compared to those
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who smoke. This is pertinent as we were unable to detect IL-38, the alternate antagonist in
our system. This may very relevant in COPD as IL-36RA binds to the IL-36R with a greater
affinity and for greater duration than IL-36 agonists, suggesting its loss may be detrimental in
overcoming IL-36 agonist mediated inflammation (Zhou et al., 2018). This is further evident as
the loss of IL-36RA is prevalent in GPP, where missense mutation in the IL-36RN gene leads
to IL-36RA deficiency and drives this disease (Marrakchi et al., 2011). There are no indications
to date of a similar genetic defect in COPD, however clinical trials are underway in GPP,
assessing whether targeting the IL-36R can help prevent and reverse this disease and could
therefore be a potential therapeutic target for COPD (Bachelez et al., 2019). These data
suggest that elevated levels of the IL-36 receptor agonist, IL-36γ in COPD are likely to be
greatly amplified by the loss of the antagonist.
IL-36 cytokine levels were also examined via nasosorption. This non-invasive technique can
give insight into the cytokine profile found within the lung, with a strong correlation between
the levels of inflammatory cytokines in the nasal mucosa and the lung (Batista et al., 2016;
Thwaites et al., 2018). This technique, as well as being non-invasive also has the potential
advantage of being more sensitive in detecting cytokine levels compared to BAL fluid, as we
can see from the data presented here, much higher levels of cytokines can be detected (ng/ml
compared to pg/ml in BAL fluid), as these are not diluted by the additional of saline used for
the procurement of the BAL fluid. We show a significant increase in the levels of IL-36γ in
these samples, whilst showing no changes in the levels of either IL-36α and IL-36β further
confirming our findings from the BAL samples.
We next sought to identify the cellular source of IL-36γ within the lung. In psoriasis,
keratinocytes are the major cell type that releases IL-36 cytokines, but the cellular source in
the lung has not been established. Interestingly, IL-1 is highly abundant in all cell types, but
the IL-36 related cytokines appear to be more cell specific, with an expression profile
suggesting induction in epithelial cells (Wang et al., 2019). Previous data suggested that
bronchial epithelial cells release IL-36 cytokines in response to ds RNA. Our data using
poly(I:C) confirm these findings, whereas expression of IL-36 protein from TMφ and SAF were
undetectable.
The epithelium is the major site of viral infection within the lung (Vareille et al., 2011) and our
data suggest that IL-36γ can be further induced in COPD SAEC when treated with the viral
mimetic poly (I:C). Upper respiratory tract viral infections are a major cause of COPD
exacerbations, that are a leading cause for hospitalization (Wedzicha and Donaldson, 2003).
Lung function declines during an exacerbation, and may never completely recover, showing
the contribution of these episodes to disease progression, in addition to the high overall costs
of hospitalization. These data suggest that IL-36γ could be a potential biomarker for viral
infections in COPD, especially as IL-36 cytokines can be detected in nasal samples and
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therefore patients can be non-invasively tested during these episodes. Treatment of SAEC
with the gram-negative bacteria, Haemophilus influenzae, however had no effect on the
release of IL-36γ. Non-typeable H. influenzae is the major colonizing bacterial species found
within the lungs of COPD and can drive chronic inflammation within the lung (Murphy et al.,
2004).
Identification of the main IL-36 effector cell in the lung is crucial in understanding the role of
the elevated levels of IL-36γ in COPD. We found that TMφ released very little cytokines in
response to IL-36γ, suggesting these to not be a major effector cell in the lung. TMφ from
smokers and COPD patients were also not stimulated by any IL-36 cytokines to release
CXCL8 (Supplementary Fig 4C). Previous studies have suggested that monocyte-derived M2,
but not M1, macrophages release IL-6 in response to IL-36β (Dietrich et al., 2016). This is
discrepant with the data presented here and may reflect differences between tissue resident
cells and monocyte-derived macrophages, although the aged human lung is thought to consist
mainly of monocyte-derived macrophages (Byrne et al., 2020). Our data agrees with others
who showed that, bronchial epithelial cells stimulated with IL-36γ were induced to release
CXCL8 and IL-6 (Zhang et al., 2017). However, SAF secreted much higher concentrations of
cytokines, chemokines and active MMPs in response to IL-36 cytokines, suggesting that these
are likely to be the major effector cell in the lung. Lung fibroblasts, along with colonic fibroblasts,
have previously been shown to induce cytokines, chemokines and MMPs in response to IL36 (Chustz et al., 2011; Scheibe et al., 2019). Epithelial cells grown at air liquid interface have
been shown to release IL-36 cytokines from the basolateral surface and therefore fibroblasts
being the main effector cell correlates with this finding (Chustz et al., 2011). IL-36 stimulation
also induced extracellular matrix deposition from human fibroblasts (Sun et al., 2013), however
we found no change in the gene expression of collagen genes and a down-regulation of the
myofibroblast marker α-SMA in response to IL-36 suggesting a change in fibroblast phenotype
towards a more remodelling than profibrotic type of cell with increased expression of MMP
rather than a matrix generating cell.
Systemic glucocorticosteroids are commonly used in the treatment of COPD exacerbations in
an attempt to reduce the increased inflammation associated with these infective episodes. We
therefore tested whether IL-36γ-mediated inflammation was steroid-sensitive. Interestingly,
CXCL8, IL-6 and GM-CSF induction by IL-36γ in SAF was steroid-sensitive, with release
reduced by ~50-60% by high concentrations of budesonide. However, a major neutrophil
chemokine, CXCL1, was paradoxically induced by steroids in the presence of IL-36γ,
suggesting that administration of steroids to patients with elevated IL-36γ may be proinflammatory via increased CXCL1 and increased neutrophil recruitment. Previous data have
suggested that CXCL1 levels are unaffected by inhaled glucocorticosteroids in COPD patients,
in contrast to CXCL8 (Inui et al., 2018). In vitro studies are conflicting, with studies suggesting
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both steroid sensitivity and insensitivity to the same and different stimuli (Lo et al., 2014; Shieh
et al., 2014). Nevertheless, the data presented here suggest that the addition of a steroid
during an exacerbation when IL-36γ may be induced via a virus, could lead to elevated
neutrophil recruitment and thus be detrimental to the patient.
SAF release high levels of the two main neutrophil chemokines, CXCL1 and CXCL8, in
response to IL-36γ. These two chemokines recruit neutrophils from the blood into the lungs
by binding to the common chemokine receptor CXCR2. Higher numbers of COPD neutrophils
migrate to CXCL1 compared to cells from non-smokers, and this cytokine is markedly elevated
in the lungs of COPD patients (Dunne et al., 2019; Traves et al., 2002). To enter the lung these
neutrophils must migrate though the tissue releasing proteases as they travel. In COPD this
migration is altered with an increase in speed that is less directional (Sapey et al., 2011) and
this can lead to excess tissue damage. Therefore, the elevation of both CXCL1 and CXCL8
can increase the recruitment of neutrophils from the blood into the COPD lung and in doing
so cause excessive tissue damage due to their dysregulated migratory path.
Once in the lung, neutrophils degranulate and release a myriad of proteases including the
serine proteases neutrophil elastase, cathepsin G and proteinase-3. Here we show that
cathepsin G and proteinase-3 cleave IL-36γ into its active form, which has been shown to
have a 500-fold greater activity than the uncleaved, native cytokine. These data contrast with
some studies that show that neutrophil elastase is the main activator of IL-36γ (Henry et al.,
2016) but this is also controversial with others failing to show this response (Ainscough et al.,
2017; Bassoy et al., 2018a). However, as neutrophils are increased and activated in COPD it
is plausible that they activate IL-36γ leading to marked increases in the potency of IL-36γ
within the COPD lung, thus amplifying and perpetuating neutrophilic inflammation.
Finally, we showed that pre-treatment of SAF with recombinant IL-36RA reduced CXCL1
release from these cells when stimulated with media from poly I:C stimulated COPD SAEC.
These data suggest that re-introducing the natural inhibitor of the IL-36R, can reduce viral
induced inflammation via the IL-36 pathway. We have recently shown in an in vivo model of a
COPD viral exacerbations, knockout of the IL-36R reduces lung inflammation and neutrophil
recruitment (Koss et al., 2021). Our data presented here shows that using cross-talk
experiments that modulation of the activity of the IL-36R in primary human cells from COPD
patients may also lead to reduced inflammation, suggesting that this may be translated into
humans and a potential therapeutic option.
The regulation of IL-36 cytokines is complex, with the requirement for extracellular protease
activation and their modulation by the antagonistic IL-36RA and IL-38. These different IL-36
family members appear to be released from different cell types, suggesting a complex
interactive cell network (Bassoy et al., 2018a). The effects of IL-36 cytokines are similar to
those of related IL-1 cytokines, which are released predominantly via a different mechanism,
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which involves intracellular activation via the inflammasome (Martinon et al., 2002). It is
possible that IL-1 cytokines provide the initial inflammatory process in host defence and that
IL-36 cytokines are activated with greater stimulatory triggers or more prolonged stimulation,
resulting in greatly amplified and persistent neutrophilic inflammation, as found in COPD
patients.
Overall, our data suggest IL-36γ is elevated in COPD, and is released predominantly by
epithelial cells, leading to the activation of fibroblasts, inducing neutrophilic recruitment which
further activates IL-36γ, inducing protease release and inflammation, all of which drive with
COPD pathophysiology (Fig. 10). This mechanism is amplified by a reduction in IL-36RA from
macrophages and by the marked activation of IL-36γ by serine proteases released from the
activated recruited neutrophils. We suggest that this is a major mechanism for amplification of
lung inflammation in COPD leading to persistent inflammation and disease progression. This
suggests that targeting IL-36 cytokines, for example with neutralizing antibodies against the
receptor or addition of IL-36RA, is a promising new therapeutic opportunity for the treatment
of COPD.
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5.2.5 Material and methods
Reagents
Recombinant IL-1α, IL-36α, IL-36β, IL-36γ, IL-36RA, TNF-α, neutrophil elastase, cathepsin G
and proteinase 3 were purchased from R&D Systems (Abingdon, UK). Poly I:C was purchased
from Sigma-Aldrich (Poole, UK). Non-typeable H. influenzae were obtained from the National
Collection of Type Cultures (strain: 1269) and were heat-killed by incubation at 65 °C for 10
min as described previously(Taylor et al., 2010). Cigarette smoke extract (CSE) was
generated as previously described (Yanagisawa et al., 2017) from full-strength Marlboro
cigarette (Phillip Morris, London, UK). Budesonide was purchased from Fisher Scientific UK
Ltd (Loughborough, UK).
Primary human lung cells
Bronchoalveolar lavage fluid (BAL) was collected as previously described (Traves et al., 2002)
(Supplementary table 1), and all cells removed by centrifugation. Sputum samples were
collected and processed as previously described (Traves et al., 2002) (Supplementary table
2). Nasal absorption was performed as previously described (Thwaites et al., 2018)
(Supplementary Table 3). Lung tissue macrophages were isolated from lung parenchyma
tissue as described previously (Belchamber et al., 2019). Lung tissue was assessed as being
non-cancerous and obtained from samples during tissue resection for lung cancer or
emphysema. The subjects were matched for age and smoking history ( Supplementary Table
4) Human primary small airway epithelial cells (SAECs) were cultured as previously described
(Baker et al., 2016). The subjects were matched for age and smoking history (Supplementary
Table 5). Small airway fibroblasts were cultured by micro-dissecting out 5 small airways from
lung parenchymal tissue and growing via an outgrowth method (Supplementary Table 6). Lung
homogenate samples were obtained from an established tissue bank linked to an established
patient registry which has previously been used (Ding et al., 2004) (Supplementary Table 7).
COPD patients had significantly worse lung function compared to controls. Subjects provided
informed consent, and the study was approved by the NRES London-Chelsea Research
Ethics committee (study 09/H0801/85).
Real time PCR
Total RNA was extracted from cells and reverse-transcribed, as described previously (Baker
et al., 2016). Gene expression was determined by Taqman real-time PCR on a 7500 Real
Time PCR system (Applied Biosystems, Life Technologies Ltd, Paisley, UK) using the assays
IL-36α (Hs00205367), IL-36β (Hs00758166), IL-36γ (Hs00219742), IL-36RA (Hs01104220),
CXCL8 (Hs00174103), IL-6 (Hs00174131), COL1A1 (Hs00164004), COL3A1 (Hs00943809),
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α-SMA (Hs05032285) and MMP-9 (Hs00957562). GNB2L1 (Hs00272002) gene expression
was used as the housekeeping gene and data presented as δδCT relative to baseline.
Zymography
MMP2 and MMP9 enzyme activity were measured by zymography using Novex Zymogram
Gelatin Gels (Thermo Fisher Scientific). Fibroblast supernatant were diluted in Novex TrisGlycine SDS sample buffer (Thermo Fisher Scientific) and ran on zymogram gel. After
electrophoresis, gels were incubated with Novex zymogram renaturing buffer (Thermo Fisher
Scientific) and incubated in Novex zymogram developing buffer (Thermo Fisher Scientific) for
18 h at 37°C. After incubation, gels were stained with a Colloidal Blue Staining Kit (Thermo
Fisher Scientific) and imaged.
ELISA
CXCL8, CXCL1, IL-6, GM-CSF, IL-36α and IL-36β were quantified using commercially
available ELISA kits (R&D Systems), according to the manufacturer’s instructions; The lower
limit of detection for these assays were 31.2 pg/ml (CXCL1/8, IL-6), 15.6 pg/ml (GM-CSF) and
12.5 pg/ml (IL-36α/β). IL-36γ and IL-36RA were quantified using commercially available ELISA
kits (AdipoGen life sciences, Epalinges, Switzerland); The lower limit of detection for these
assays were 3.9 pg/ml (IL-36γ) and 0.5 ng/ml (IL-36RA).
IL-36γ cleavage
Neutrophils were isolated from whole blood from both non-smokers and COPD patients using
dextran red blood cell sedimentation, followed by centrifugation using a discontinuous Percoll
gradient. Neutrophils were collected from the 81% (v/v) / 67% (v/v) interface, washed in
phosphate buffered saline, cells were re-suspended at 106 cells/ml in Reaction Buffer (50 mM
HEPES, (Ph7.5) 75mM NaCl, 0.1% (w/v) CHAPS). Cells were treated with 10μM cytochalasin
prior to stimulation with 10μM fMLP for 1h (or 0.1% (v/v) DMSO vehicle control) at 37°C. Cells
were then centrifuged, and the supernatant removed and stored at -80oC. IL-36γ (uncleaved1F9) at 1000ng/ml was then incubated at 37 oC for 2.5 h with non-smoker and COPD
neutrophil supernatants, Cathespsin G (10,100,1000 nM) (Sigma Millipore), Proteinase 3
(2,10& 50 μg/ml) (Sigma Millipore), neutrophil elastase (10,100 &1000 ng/ml) (Sigma Millipore)
or MMP-9 at (1,10 & 100 ng/ml) (R&D Systems Europe) in protease buffer (50mM HEPES (pH
7.5) 75mM NaCl, 0.1% CHAPS). 10 μl (100 ng) of reaction buffer was removed, boiled with
Lamaelli buffer for 5 min before loading onto a 4-12% gel using MES buffer. Proteins were
transferred to a nitrocellulose membrane before probing using a primary anti IL-36γ antibody
(Biotechne (R&D) UK) overnight at 4oC and a secondary goat antibody (Dako) for 1 hour at
room temperature to visualise any protein cleavage.
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IL-36RA treatment experiments
COPD patient SAEC were treated with Poly I:C (100μg/ml) for 24 hours to induce IL-36γ and
supernatants collected and pooled. Pooled supernatant was transferred to COPD SAF and
incubated for 24 hours, controls of media alone and or media containing Poly I:C (100 µg/ml)
were used. SAF cells were then treated for 2 hours with 100 ng/ml of recombinant IL-36RA,
before being treated with SAEC media Experiments were optimised so that each SAF patient
released less than 10 ng/ml of CXCL1. In these experiments a maximum of 340 pg/ml of
CXCL1 (could have been transferred in the SAEC media to the SAFs, therefore release above
this level was because of mediators within the media. To show that the induction to CXCL1 in
the SAF was a consequence of a mediator within the media, the media was boiled for 5 mins
at 100 degrees and SAF treated with this media and CXCL1 release measured.
Statistical analysis
Data are expressed as means ± SEM. Results were analyzed by using Mann-Whitney tests,
paired or nonpaired Student’s t tests, 1- or 2-way ANOVA and Kruskal-Wallis for repeated
measures with Dunn’s or Bonferroni post-tests. GraphPad Prism 9 software (GraphPad
Software, La Jolla, CA, USA) was used for analyses. Values of P ≤ 0.05 were considered
statistically significant.
Online supplemental material
Fig. S1 shows other IL-36 cytokine levels in BALF samples, nasal lining fluid and serum
samples. Fig. S2 shows the gene expression of other IL-36 cytokines in human lung tissue
macrophages, small airway fibroblasts and small airway epithelial cells. Fig. S3 shows that
Poly I:C does not induce IL-36α release and that small airway fibroblasts are not stimulated to
release IL-36γ. Fig. S4 shows that all three IL-36 cytokine agonists induce similar CXCL-8
release from small airway fibroblasts, small airway epithelial cells and lung tissue
macrophages. Fig. S5 shows the effects of IL-36γ and IL-1α stimulation on small airway
fibroblasts gene expression and the effects IL-36γ stimulation on gene expression changes in
small airway epithelial cells. Table S1 shows characteristics of subjects for bronchoscopy.
Table S2 shows characteristics of study subjects for sputum samples. Table S3 shows
characteristics of study subjects for nasal absorption samples. Table S4 shows characteristics
of study subjects for primary tissue macrophages. Table S5 shows characteristics of study
subjects for primary airway epithelial cells. Table S6 shows characteristics of study subjects
for primary small airway fibroblasts. Table S7 shows characteristics of study subjects for lung
homogenate samples.

72

5.2.6 Acknowledgments
Special thanks to Professor Jim Hogg (University of British Columbia, Canada) for kindly
providing peripheral lung tissue samples and the nurses at the NIHR Respiratory Disease
Biomedical Research Unit at the Royal Brompton and Harefield NHS Foundation Trust and
Imperial College London.

5.2.7 Funding
Funding for this study was provided by Boehringer-Ingelheim and supported by the NIHR
Respiratory Disease Biomedical Research Unit at the Royal Brompton and Harefield NHS
Foundation Trust and Imperial College London.

5.2.8 Author contributions
JRB was involved in the design, implementation of the experiments and the writing of the
manuscript. PF and HO were involved in the implementation of the experiments as well as
providing technical expertise. CK, KE-K, MT, JF, SE, PJB and LD were involved in
experimental design, interpretation of data, as well as the reviewing of the manuscript. All
authors contributed to scientific discussions, revision of the manuscript and had full access to
all the data and agreed to submit for publication.

5.2.9 Competing interests
The authors declare no conflicts of interest.

73

5.2.10 References
Ainscough, J.S., T. Macleod, D. McGonagle, R. Brakefield, J.M. Baron, A. Alase, M. Wittmann, and M.
Stacey. 2017. Cathepsin S is the major activator of the psoriasis-associated proinflammatory
cytokine IL-36gamma. Proceedings of the National Academy of Sciences of the United States
of America 114:E2748-E2757.
Aoyagi, T., M.W. Newstead, X. Zeng, S.L. Kunkel, M. Kaku, and T.J. Standiford. 2017a. IL-36 receptor
deletion attenuates lung injury and decreases mortality in murine influenza pneumonia.
Mucosal Immunol 10:1043-1055.
Aoyagi, T., M.W. Newstead, X. Zeng, Y. Nanjo, M. Peters-Golden, M. Kaku, and T.J. Standiford. 2017b.
Interleukin-36gamma and IL-36 receptor signaling mediate impaired host immunity and lung
injury in cytotoxic Pseudomonas aeruginosa pulmonary infection: Role of prostaglandin E2.
PLoS Pathog 13:e1006737.
Bachelez, H., S.E. Choon, S. Marrakchi, A.D. Burden, T.F. Tsai, A. Morita, H. Turki, D.B. Hall, M. Shear,
P. Baum, S.J. Padula, and C. Thoma. 2019. Inhibition of the Interleukin-36 Pathway for the
Treatment of Generalized Pustular Psoriasis. The New England journal of medicine 380:981983.
Bafadhel, M., S. McKenna, J. Agbetile, A. Fairs, D. Desai, V. Mistry, J.P. Morley, M. Pancholi, I.D. Pavord,
A.J. Wardlaw, C.H. Pashley, and C.E. Brightling. 2014. Aspergillus fumigatus during stable state
and exacerbations of COPD. The European respiratory journal 43:64-71.
Baker, J.R., C. Vuppusetty, T. Colley, A.I. Papaioannou, P. Fenwick, L. Donnelly, K. Ito, and P.J. Barnes.
2016. Oxidative stress dependent microRNA-34a activation via PI3K alpha reduces the
expression of sirtuin-1 and sirtuin-6 in epithelial cells. Scientific reports 6:
Barnes, P.J. 2009. The cytokine network in chronic obstructive pulmonary disease. American journal
of respiratory cell and molecular biology 41:631-638.
Barnes, P.J. 2016a. Inflammatory mechanisms in patients with chronic obstructive pulmonary disease.
J Allergy Clin Immun 138:16-27.
Barnes, P.J. 2016b. Inflammatory mechanisms in patients with chronic obstructive pulmonary disease.
J Allergy Clin Immun 138:16-27.
Barnes, P.J. 2019. Inflammatory endotypes in COPD. Allergy 74:1249-1256.
Bassoy, E.Y., J.E. Towne, and C. Gabay. 2018a. Regulation and function of interleukin-36 cytokines.
Immunol Rev 281:169-178.
Bassoy, E.Y., J.E. Towne, and C. Gabay. 2018b. Regulation and function of interleukin-36 cytokines.
Immunological Reviews 281:169-178.
Batista, C., M. McIntosh, T. Hansel, L. Donnelly, and P. Barnes. 2016. Elevated concentrations of CXCL8
in the nasal mucosal lining fluid of COPD patients as an accessible surrogate measure of
bronchial levels. European Respiratory Journal 48:
Belchamber, K.B.R., R. Singh, C.M. Batista, M.K. Whyte, D.H. Dockrell, I. Kilty, M.J. Robinson, J.A.
Wedzicha, P.J. Barnes, L.E. Donnelly, and C. consortium. 2019. Defective bacterial
phagocytosis is associated with dysfunctional mitochondria in COPD macrophages. The
European respiratory journal
Byrne, A.J., J.E. Powell, B.J. O'Sullivan, P.P. Ogger, A. Hoffland, J. Cook, K.L. Bonner, R.J. Hewitt, S. Wolf,
P. Ghai, S.A. Walker, S.W. Lukowski, P.L. Molyneaux, S. Saglani, D.C. Chambers, T.M. Maher,
and C.M. Lloyd. 2020. Dynamics of human monocytes and airway macrophages during healthy
aging and after transplant. J Exp Med 217:
Churg, A., and J.L. Wright. 2005. Proteases and emphysema. Curr Opin Pulm Med 11:153-159.
Churg, A., S. Zhou, and J.L. Wright. 2012. Series "matrix metalloproteinases in lung health and disease":
Matrix metalloproteinases in COPD. The European respiratory journal 39:197-209.
Chustz, R.T., D.R. Nagarkar, J.A. Poposki, S. Favoreto, P.C. Avila, R.P. Schleimer, and A. Kato. 2011.
Regulation and Function of the IL-1 Family Cytokine IL-1F9 in Human Bronchial Epithelial Cells.
American journal of respiratory cell and molecular biology 45:145-153.

74

Clancy, D.M., G.P. Sullivan, H.B.T. Moran, C.M. Henry, E.P. Reeves, N.G. McElvaney, E.C. Lavelle, and
S.J. Martin. 2018. Extracellular Neutrophil Proteases Are Efficient Regulators of IL-1, IL-33, and
IL-36 Cytokine Activity but Poor Effectors of Microbial Killing. Cell Rep 22:2937-2950.
Collaborators, G.B.D.C.R.D. 2020. Prevalence and attributable health burden of chronic respiratory
diseases, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017.
Lancet Respir Med 8:585-596.
Dietrich, D., P. Martin, V. Flacher, Y. Sun, D. Jarrossay, N. Brembilla, C. Mueller, H.A. Arnett, G. Palmer,
J. Towne, and C. Gabay. 2016. Interleukin-36 potently stimulates human M2 macrophages,
Langerhans cells and keratinocytes to produce pro-inflammatory cytokines. Cytokine 84:8898.
Ding, L., K.B. Quinlan, W.M. Elliott, M. Hamodat, P.D. Pare, J.C. Hogg, and S. Hayashi. 2004. A lung
tissue bank for gene expression studies in chronic obstructive pulmonary disease. Copd 1:191204.
Dunne, A.E., T. Kawamatawong, P.S. Fenwick, C.M. Davies, H. Tullett, P.J. Barnes, and L.E. Donnelly.
2019. Direct Inhibitory Effect of the PDE4 Inhibitor Roflumilast on Neutrophil Migration in
Chronic Obstructive Pulmonary Disease. American journal of respiratory cell and molecular
biology 60:445-453.
Gompertz, S., C. O'Brien, D.L. Bayley, S.L. Hill, and R.A. Stockley. 2001. Changes in bronchial
inflammation during acute exacerbations of chronic bronchitis. The European respiratory
journal 17:1112-1119.
Gresnigt, M.S., B. Rosler, C.W. Jacobs, K.L. Becker, L.A. Joosten, J.W. van der Meer, M.G. Netea, C.A.
Dinarello, and F.L. van de Veerdonk. 2013. The IL-36 receptor pathway regulates Aspergillus
fumigatus-induced Th1 and Th17 responses. Eur J Immunol 43:416-426.
Gresnigt, M.S., and F.L. van de Veerdonk. 2013. Biology of IL-36 cytokines and their role in disease.
Semin Immunol 25:458-465.
Henry, C.M., G.P. Sullivan, D.M. Clancy, I.S. Afonina, D. Kulms, and S.J. Martin. 2016. NeutrophilDerived Proteases Escalate Inflammation through Activation of IL-36 Family Cytokines. Cell
reports 14:708-722.
Inui, T., M. Watanabe, K. Nakamoto, M. Sada, A. Hirata, M. Nakamura, K. Honda, Y. Ogawa, S. Takata,
T. Yokoyama, T. Saraya, D. Kurai, H. Wada, H. Ishii, and H. Takizawa. 2018. Bronchial epithelial
cells produce CXCL1 in response to LPS and TNFalpha: A potential role in the pathogenesis of
COPD. Exp Lung Res 44:323-331.
Karvonen, H.M., S.T. Lehtonen, T. Harju, R.T. Sormunen, E. Lappi-Blanco, J.M. Makinen, K. Laitakari, S.
Johnson, and R.L. Kaarteenaho. 2013. Myofibroblast expression in airways and alveoli is
affected by smoking and COPD. Respir Res 14:84.
Keatings, V.M., P.D. Collins, D.M. Scott, and P.J. Barnes. 1996. Differences in interleukin-8 and tumor
necrosis factor-alpha in induced sputum from patients with chronic obstructive pulmonary
disease or asthma. American journal of respiratory and critical care medicine 153:530-534.
Koo, H.K., D.M. Vasilescu, S. Booth, A. Hsieh, O.L. Katsamenis, N. Fishbane, W.M. Elliott, M. Kirby, P.
Lackie, I. Sinclair, J.A. Warner, J.D. Cooper, H.O. Coxson, P.D. Pare, J.C. Hogg, and T.L. Hackett.
2018. Small airways disease in mild and moderate chronic obstructive pulmonary disease: a
cross-sectional study. Lancet Respir Med 6:591-602.
Koss, C.K., C.T. Wohnhaas, J.R. Baker, C. Tilp, M. Przibilla, C. Lerner, S. Frey, M. Keck, C.M.M. Williams,
D. Peter, M. Ramanujam, J. Fine, F. Gantner, M. Thomas, P.J. Barnes, L.E. Donnelly, and K.C. El
Kasmi. 2021. IL36 is a critical upstream amplifier of neutrophilic lung inflammation in mice.
Commun Biol 4:172.
Kovach, M.A., K. Che, B. Brundin, A. Andersson, H. Asgeirsdottir, M. Padra, S.K. Linden, I. Qvarfordt,
M.W. Newstead, T.J. Standiford, and A. Linden. 2020. IL-36 Cytokines Promote Inflammation
in the Lungs of Long-term Smokers. American journal of respiratory cell and molecular biology
Li, W., X. Meng, Y. Hao, M. Chen, Y. Jia, and P. Gao. 2021. Elevated sputum IL-36 levels are associated
with neutrophil-related inflammation in COPD patients. Clin Respir J
75

Lo, H.M., T.H. Lai, C.H. Li, and W.B. Wu. 2014. TNF-alpha induces CXCL1 chemokine expression and
release in human vascular endothelial cells in vitro via two distinct signaling pathways. Acta
Pharmacol Sin 35:339-350.
Marrakchi, S., P. Guigue, B.R. Renshaw, A. Puel, X.Y. Pei, S. Fraitag, J. Zribi, E. Bal, C. Cluzeau, M.
Chrabieh, J.E. Towne, J. Douangpanya, C. Pons, S. Mansour, V. Serre, H. Makni, N. Mahfoudh,
F. Fakhfakh, C. Bodemer, J. Feingold, S. Hadj-Rabia, M. Favre, E. Genin, M. Sahbatou, A.
Munnich, J.L. Casanova, J.E. Sims, H. Turki, H. Bachelez, and A. Smahi. 2011. Interleukin-36receptor antagonist deficiency and generalized pustular psoriasis. The New England journal of
medicine 365:620-628.
Martinon, F., K. Burns, and J. Tschopp. 2002. The inflammasome: a molecular platform triggering
activation of inflammatory caspases and processing of proIL-beta. Molecular cell 10:417-426.
Murphy, T.F., A.L. Brauer, A.T. Schiffmacher, and S. Sethi. 2004. Persistent colonization by
Haemophilus influenzae in chronic obstructive pulmonary disease. American journal of
respiratory and critical care medicine 170:266-272.
Parsanejad, R., W.R. Fields, T.J. Steichen, B.R. Bombick, and D.J. Doolittle. 2008. Distinct regulatory
profiles of interleukins and chemokines in response to cigarette smoke condensate in normal
human bronchial epithelial (NHBE) cells. J Interferon Cytokine Res 28:703-712.
Ramadas, R.A., S.L. Ewart, Y. Iwakura, B.D. Medoff, and A.M. LeVine. 2012. IL-36alpha exerts proinflammatory effects in the lungs of mice. PloS one 7:e45784.
Ramadas, R.A., S.L. Ewart, B.D. Medoff, and A.M. LeVine. 2011. Interleukin-1 family member 9
stimulates chemokine production and neutrophil influx in mouse lungs. American journal of
respiratory cell and molecular biology 44:134-145.
Russell, R.E., S.V. Culpitt, C. DeMatos, L. Donnelly, M. Smith, J. Wiggins, and P.J. Barnes. 2002. Release
and activity of matrix metalloproteinase-9 and tissue inhibitor of metalloproteinase-1 by
alveolar macrophages from patients with chronic obstructive pulmonary disease. American
journal of respiratory cell and molecular biology 26:602-609.
Sapey, E., J.A. Stockley, H. Greenwood, A. Ahmad, D. Bayley, J.M. Lord, R.H. Insall, and R.A. Stockley.
2011. Behavioral and structural differences in migrating peripheral neutrophils from patients
with chronic obstructive pulmonary disease. American journal of respiratory and critical care
medicine 183:1176-1186.
Scheibe, K., C. Kersten, A. Schmied, M. Vieth, T. Primbs, B. Carle, F. Knieling, J. Claussen, A.C. Klimowicz,
J. Zheng, P. Baum, S. Meyer, S. Schurmann, O. Friedrich, M.J. Waldner, T. Rath, S. Wirtz, G.
Kollias, A.B. Ekici, R. Atreya, E.L. Raymond, M.L. Mbow, M.F. Neurath, and C. Neufert. 2019.
Inhibiting Interleukin 36 Receptor Signaling Reduces Fibrosis in Mice With Chronic Intestinal
Inflammation. Gastroenterology 156:1082-+.
Schulz, C., K. Wolf, M. Harth, K. Kratzel, L. Kunz-Schughart, and M. Pfeifer. 2003. Expression and release
of interleukin-8 by human bronchial epithelial cells from patients with chronic obstructive
pulmonary disease, smokers, and never-smokers. Respiration 70:254-261.
Shieh, J.M., Y.J. Tsai, C.J. Tsou, and W.B. Wu. 2014. CXCL1 regulation in human pulmonary epithelial
cells by tumor necrosis factor. Cell Physiol Biochem 34:1373-1384.
Stockley, R.A. 1999. Neutrophils and protease/antiprotease imbalance. American journal of
respiratory and critical care medicine 160:S49-52.
Sun, Y., A. Mozaffarian, H.A. Arnett, H. Dinh, E.S. Trueblood, and J.E. Towne. 2013. IL-36 induces
inflammation and collagen deposition in the lung. Cytokine 63:303-303.
Taylor, A.E., T.K. Finney-Hayward, J.K. Quint, C.M. Thomas, S.J. Tudhope, J.A. Wedzicha, P.J. Barnes,
and L.E. Donnelly. 2010. Defective macrophage phagocytosis of bacteria in COPD. The
European respiratory journal 35:1039-1047.
Thwaites, R.S., H.C. Jarvis, N. Singh, A. Jha, A. Pritchard, H. Fan, T. Tunstall, J. Nanan, S. Nadel, O.M.
Kon, P.J. Openshaw, and T.T. Hansel. 2018. Absorption of Nasal and Bronchial Fluids: Precision
Sampling of the Human Respiratory Mucosa and Laboratory Processing of Samples. J Vis Exp

76

Traves, S.L., S.V. Culpitt, R.E.K. Russell, P.J. Barnes, and L.E. Donnelly. 2002. Increased levels of the
chemokines GRO alpha and MCP-1 in sputum samples from patients with COPD. Thorax
57:590-595.
Vareille, M., E. Kieninger, M.R. Edwards, and N. Regamey. 2011. The airway epithelium: soldier in the
fight against respiratory viruses. Clin Microbiol Rev 24:210-229.
Wang, P., A.M. Gamero, and L.E. Jensen. 2019. IL-36 promotes anti-viral immunity by boosting
sensitivity to IFN-alpha/beta in IRF1 dependent and independent manners. Nature
communications 10:4700.
Wedzicha, J.A., and G.C. Donaldson. 2003. Exacerbations of chronic obstructive pulmonary disease.
Respir Care 48:1204-1213; discussion 1213-1205.
Wein, A.N., P.R. Dunbar, S.R. McMaster, Z.T. Li, T.L. Denning, and J.E. Kohlmeier. 2018. IL-36gamma
Protects against Severe Influenza Infection by Promoting Lung Alveolar Macrophage Survival
and Limiting Viral Replication. J Immunol 201:573-582.
Wrench, C., K.B.R. Belchamber, A. Bercusson, A. Shah, P.J. Barnes, D. Armstrong-James, and L.E.
Donnelly. 2018. Reduced Clearance of Fungal Spores by Chronic Obstructive Pulmonary
Disease GM-CSF- and M-CSF-derived Macrophages. American journal of respiratory cell and
molecular biology 58:271-273.
Yanagisawa, S., A.I. Papaioannou, A. Papaporfyriou, J.R. Baker, C. Vuppusetty, S. Loukides, P.J. Barnes,
and K. Ito. 2017. Decreased Serum Sirtuin-1 in COPD. Chest 152:343-352.
Zhang, J., Y. Yin, X. Lin, X. Yan, Y. Xia, L. Zhang, and J. Cao. 2017. IL-36 induces cytokine IL-6 and
chemokine CXCL8 expression in human lung tissue cells: Implications for pulmonary
inflammatory responses. Cytokine 99:114-123.
Zhou, L., V. Todorovic, S. Kakavas, B. Sielaff, L. Medina, L. Wang, R. Sadhukhan, H. Stockmann, P.L.
Richardson, E. DiGiammarino, C. Sun, and V. Scott. 2018. Quantitative ligand and receptor
binding studies reveal the mechanism of interleukin-36 (IL-36) pathway activation. The Journal
of biological chemistry 293:403-411.

77

5.2.11 Figures

Fig. 1 IL-36γ protein is elevated in COPD.
A) IL-36γ was measured in the bronchoalveolar lavage fluid (BAL) of non-smokers (NS, ●
n=12), smokers (S, ■ n=10) and COPD patients (▲, n=9); B) nasal fluid of NS (n=8) and
COPD patients (n=20) and C) sputum of NS (n=15), smokers (n=8) and COPD patients (n=18)
by ELISA. IL-36γ gene expression was examined in D) lung homogenate samples from NS
(n=9), smokers (n=9) and COPD patients (n=29). Data are means ± SEM and analysed by
Kruskal-Wallis test with post-hoc Dunn’s test or by Mann-Whitney U test; * P <0.05, ***P<0.001.
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Fig. 2 Small airway epithelial cells are the source of IL-36γ in COPD.
Gene expression of IL-36γ was measured in A) lung tissue-derived macrophages (TMφ), B)
small airway fibroblasts and C) small airway epithelial cells from non-smokers (NS, ● n=5-10),
smokers (S, ■ n=7-18) and COPD patients (▲, n=7-24). IL-36γ release from H) small airway
epithelial cells from NS (n=10) and COPD (n=12) patients, measured by ELISA. Data are
means ± SEM and analysed by Kruskal-Wallis test with post-hoc Dunn’s test or by MannWhitney U test; * P <0.05, ***P<0.001.
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Fig. 3 IL-36 receptor antagonist is reduced in COPD patients.
IL-36RA protein was detected in the A) broncholalveolar lavage fluid and B) sputum of nonsmokers ( NS, ● n=13-16), smokers (S, ■ n=9-13) and COPD (▲ n=13-18) patients by ELISA.
Gene expression of IL-36RA was detected in C) Lung homogenate samples from NS (n=9),
smokers (n=9), COPD patients (n=29), D) lung tissue-derived macrophages, E) small airway
epithelial cells and F) small airway fibroblasts S (n=5-10), smokers (n=7-18) and COPD
patients (n=7-24). Data are means ± SEM and analysed by Kruskal-Wallis test with post-hoc
Dunn’s test or by Mann-Whitney U test; * P <0.05 ** P <0.01.
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Fig. 4 IL-36γ protein release is driven by steroid insensitive TLR3.
A) Small airway epithelial cells from non-smokers (open bars, ● n=7) and COPD (hatched
bars, ▲, n=8) patients were exposed to media alone (no treatment: NT), 10% (v/v) cigarette
smoke extract (CSE), 10 ng/ml TNFα, 100μg/ml poly I:C, or 1.5x1010 CFU/ml H. influenzae for
24h. Media was collected and IL-36γ release measured by ELISA. B) Small airway epithelial
cells from non-smokers (NS, ●, n=3) and COPD patients (▲, n=3) were exposed to increasing
concentrations of poly I:C for 24h. Media was collected and IL-36γ was measured by ELISA.
C) Small airway epithelial cells from n=3 non-smokers were treated with 100μg/ml poly I:C in
the presence or absence of increasing concentrations of budesonide for 24h. Media was
collected and IL-36γ was measured by ELISA. Data are means ± SEM and analysed by two
way anova with post-hoc Dunnett's multiple comparisons test; ** P <0.01, ***P<0.001 vs. NS.
##

P <0.01, ### P<0.001 vs. COPD.
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Fig. 5 Effect of IL-36γ on lung tissue macrophages and small airway epithelial cells.
Lung tissue-derived macrophages from non-smokers (n=3), smokers (n=5) or COPD (n=7)
patients were incubated in the absence (NT) or presence of 100 ng/ml IL-36γ for 24h. Media
was harvested and release of A) CXCL8 and B) IL-6 were measured by ELISA. Small airway
epithelial cells from non-smokers (n=5) or COPD (n=6) patients were incubated in the absence
(NT) or presence of 100 ng/ml IL-36γ for 24h. Media was harvested and release of C) CXCL8,
D) IL-6 and E) CXCL1 were measured by ELISA. Data are means ± SEM and analysed by
Kruskal-Wallis test with post-hoc Dunn’s test; * P <0.05, **P<0.01
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Fig. 6 IL-36γ activates small airway fibroblasts leading to chemokine and protease release.
Small airway fibroblasts from non-smokers (n=8) and COPD (n=7) patients were cultured in
the absence (NT) or presence of 100 ng/ml IL-36γ for 24h. Media was harvested and A)
CXCL8, B) IL-6, C) CXCL1 and D) GM-CSF were measured by ELISA. Small airway
fibroblasts from non-smokers (n=3) and COPD patients (n=3) were cultured in the absence
(NT) or presence of 33 ng/ml IL-36α, IL-36β, IL-36γ or all three in combination and media
collected and zymography performed (panel E). Data are means ± SEM and analysed by
Kruskal-Wallis test with post-hoc Dunn’s test; * P <0.05, **P<0.01
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Fig. 7 IL-36 stimulation of SAF is glucocorticosteroid sensitive, except the neutrophil
chemokine CXCL1 which is induced by budesonide.
Small airway fibroblasts from non-smokers (● n=4) or COPD (▲ n=4) were treated with active
IL-36γ for 24 hours in the absence or presence of budesonide at varying concentrations, A)
CXCL8, B) IL-6, C) GM-CSF and D) CXCL1 release were measured by ELISA. Data are
presented as mean ± SEM.
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Fig. 8 Effect of serine neutrophil proteases on activation of IL-36γ.
A) Pro-IL-36γ was incubated with cathepsin G, proteinase 3, neutrophil elastase (NE) or matrix
metalloproteinase(MMP)-9 at varying concentrations for 2.5 h and Western blots performed to
separate pro- and active IL-36γ. B) Neutrophils from non-smokers (n=6) and COPD patients
(n=6) were left at baseline or activated with fMLP and the supernatant collected and incubated
with pro-IL-36γ for 2.5h and western blots performed to separate pro- and active IL-36γ (data
shown are representative blots). Optical denisty of bands was performed and data are
presented as mean ± SEM (panel C).
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Fig. 9 Optimisation of IL-36RA treatment experiments.
A) Schematic of experimental procedure. B) Small airway fibroblast were treated with diluted
media, media + Poly I:C, media alone treated SAEC or Poly I:C treated SAEC media (ranging
from 10-200 fold) for 24 hours. CXCL1 levels were then measured. C) Small airway fibroblast
were treated with diluted (ranging from 10-200 fold) media alone treated SAEC or Poly I:C
treated SAEC that had and hadn’t been boiled for 24 hours. CXCL1 levels were then measured.
D) Small airway fibroblast were treated with diluted (ranging from 10-200 fold) media alone
treated SAEC or Poly I:C treated SAEC with or without pre-treatment for 2 hours with
recombinant IL-36RA (100 ng/ml). CXCL-1 levels were then measured. Data are presented
as mean ± SEM analysed by Wilcoxon matched-pairs signed rank test; * P <0.05,
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Fig. 10 Schematic outlining the role of IL-36γ in COPD pathophysiology.
Small airway epithelial cells are a major source of IL-36γ in the COPD lung and the release of
IL-36γ is elevated at baseline in these patients. These elevated levels can be exacerbated by
viral infection, which may be perpetuated in those who smoke. The resultant pro-IL-36γ is
cleaved by neutrophil derived proteases such as cathepsin G and proteinase 3, generating
the active form of IL-36γ. This acts on small airway fibroblasts leading the release of MMP-2
and MMP-9 as well as expression of the chemokines CXCL-1 and CXCL-8. These recruit
neutrophils and perpetuate the cycle of neutrophilic inflammation. This process is amplified in
COPD patients due to the loss of the endogenous IL-36 receptor, IL-36RA, from macropahges.
The released elastases and MMPs contribute to all three pathophysiological features of COPD,
small airway remodelling, emphysema and mucous hypersecretion.
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5.2.12 Supplementary figures

Suppl. Fig. 1 IL-36 cytokines levels in human samples.
A) IL-36α and B) IL-36β were measured in bronchoalveolar lavage fluid of non smokers (n=12),
smokers (n=12) and COPD (n=12) patients by ELISA. C) IL-36α and D) IL-36β were measured
in nasal lining fluid of non-smoker (n=8) and COPD (n=11) patients by ELISA. E) IL-36γ and
F) IL-36α were measured in serum samples of non-smokers (n=11) smokers (n=12) and
COPD (n=12) patients by ELISA. Data are mean ± SEM and LLD = lower limit of detection.
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Suppl. Fig. 2 Expression of IL-36 isoforms in human lung tissue macrophages, small airway
fibroblasts and small airway epithelial cells.
A) IL-36α and B) IL-36β gene expression were measured in lung tissue macrophages from
non-smokers (NS, ●), smokers (S, ■) and COPD patients (▲). C) IL-36β gene expression was
measured in SAF from non-smokers and COPD patients. Gene expression of D) IL-36α and
E) IL-36β were measured in small airway epithelial cells from non-smokers and COPD patients.
F) IL-1RA gene expression was detected in non-smoker (n=10), smoker (n=18) and COPD
(n=22) tissue macrophages. Data are means ± SEM and analysed by Kruskal-Wallis test with
post-hoc Dunn’s test or by Mann-Whitney U test; * P <0.05.
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Suppl. Fig. 3 IL-36α is not induced by Poly I:C, whilst SAF release very little IL-36γ in response
to disease associated stimuli.
A) SAC were treated with 100 μg/ml of Poly I:C for 24 hours and IL-36α release detected by
ELISA. B) SAF from non-smokers (NS, ●, n=4) and COPD patients (▲, n=5) were exposed to
media alone (no treatment: NT), 10% (v/v) cigarette smoke extract (CSE), 10 ng/ml TNFα,
100μg/ml poly I:C, or 1.5x1010 CFU/ml H. influenzae for 24h. Media was collected and IL-36γ
release measured by ELISA.
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Suppl. Fig. 4 Effect of IL-36 cytokines alone and in combination on CXCL-8 release from small
airway fibroblasts, human small airway epithelial cells and lung tissue macrophages.
A) Small airway fibroblasts, B) small airway epithelial cells and C) lung tissue macrophages
were incubated in the absence (non-treated: NT) or presence of 33 ng/ml IL-36α, IL-36β, IL36γ or all three in combination for 24h. Media was harvested, and release of CXCL-8
measured by ELISA. Data are means ± SEM and analysed by Kruskal-Wallis test with posthoc Dunn’s test; * P <0.05, ** P<0.01.
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Suppl. Fig. 5 Effect of IL-36γ and IL-1α cytokines on gene expression in small airway
fibroblasts and SAEC.
Small airway fibroblasts from non-smokers (n=7, open bars) or COPD (n=7, hatched bars)
were treated with 100 ng/ml of IL-36γ or IL-1α ng/ml for 24h. RNA was collected and gene
expression of A) COL1A1, B) COL3A1, C) α-SMA and D) CXCL8, E) IL-6, F) MMP-9 and G)
IL-36RA were detected by qRT-PCR. Small airway epithelial cells (n=4) were treated with 100
ng/ml of IL-36γ for 24h. RNA collected and gene expression of I) MMP-2, J) MMP-9, K) CXCL8,
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and L) IL-6, were detected by qRT-PCR Data are means ± SEM and analysed by two way
anova with post-hoc Dunnett's multiple comparisons test; * P <0.05, ** P<0.01.

Suppl. Table 1 The characteristics of subjects for bronchoscopy.
Non-smoker

Smoker

COPD

2:8

3:7

5:5

62±10.6

56±6.2

64.5±13.2

0

27.8±10

37.8±14.6

3.2±0.5

2.9±0.7

1.6±0.5*

Sex (F:M)
Age (years)
Smoking history (packyears)
FEV (L)
1

FEV (% predicted normal)
1

100.2±10.0

86.6±15.9 62.9±22.7**

FVC (L)

3.9±0.75

3.9±1.0

2.9±0.75

FEV1/FVC

0.79±0.1

0.75±0.1

0.52±0.1***

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity; Data are expressed as mean value ±
standard deviation and by Kruskal-Wallis test with post-hoc Dunn’s test; * P <0.05, **P<0.01
and *** P<0.001 compared to non-smokers.

Suppl. Table 2 The characteristics of study subjects for sputum samples.

Sex (F:M)
Age (years)
Smoking history (Pack-years)
FEV1 (L)
FEV1 (% predicted normal)

Non-smoker

Smoker

COPD

9:9

4:4

7:13

46.25±11.05

55.8±3.2

68.6±9.7**

0

37±8.6***

44.7±31.6***

2.9±0.9

2.67±0.5

1.46±0.7***

97.4±17.3

95.8±13.3 55.6.1±26.5***

FVC (L)

3.7±1.2

2.6±0.5

3.1±0.9

FEV1/FVC

0.78±0.7

0.77±0.1

0.46±0.2***

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity. Data are expressed as mean value ±
standard deviation and by Kruskal-Wallis test with post-hoc Dunn’s test; **P<0.01 and ***
P<0.001 compared to non-smokers.
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Suppl. Table 3 The characteristics of study subjects for nasal absorption samples.

Non-smoker

COPD

6:2

8:12

Age (years)

61.1±3.2

66.5±2.1

Smoking History (pack years)

0.0±0.0

51.47+7.5***

FEV1 (L)

2.8±0.3

1.4±0.6**

109.4±5.5

54.75±4.3***

FVC (L)

3.8±0.5

3.0±1.9

FEV1:FVC

0.75±0.0

0.48±0.0***

Sex ratio (F:M)

FEV1 % Predicted

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity. Data are expressed as mean value ±
standard deviation and analyzed by Mann-Whitney U test; * P <0.05 ***P<0.001 compared to
non-smokers.

Suppl. Table 4 The characteristics of study subjects for primary tissue macrophages.
Non-smoker

Smoker

COPD

7:3

10:14

13:16

69±7.7

66±12.2

69±8.9

0

35.1±27.8***

38.6±18.1**

2.2±0.7

2.5±0.6

1.2±0.6*

92.2±24.4

103.2±22.5

52.1.1±29.6**

FVC (L)

2.6±0.8

3.5±0.8

2.7±1.1

FEV1/FVC

0.8±0.1

0.72±0.1

0.43±0.1***

Sex (F:M)
Age (years)
Smoking history (Pack-years)
FEV (L)
1

FEV (% predicted normal)
1

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity. Data are expressed as mean value ±
standard deviation and by Kruskal-Wallis test with post-hoc Dunn’s test; * P <0.05, **P<0.01
and *** P<0.001 compared to non-smokers.
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Suppl. Table 5 The characteristics of study subjects for primary airway epithelial cells.

Non-smoker

COPD

7:4

10:7

Age (years)

71.7±4.3

68.9±6.5

Smoking History (pack years)

0.0±0.0

41.3±13.2**

FEV (L)

2.1±0.6

1.1±0.89*

95.5±19.3

50.6±25.8**

FVC (L)

2.8±0.7

2.5±0.8

FEV1:FVC

0.74±0.1

0.5±0.2**

Sex ratio (F:M)

1

FEV1 % Predicted

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity; Data are expressed as mean value ±
standard deviation and analyzed by Mann-Whitney U test; * P <0.05 **P<0.01 compared to
non-smokers.

Suppl. Table 6 The characteristics of study subjects for primary small airway fibroblasts.

Non-smoker

COPD

7:9

7:5

Age (years)

64.6±9.1

65.5±8.7

Smoking History (pack years)

0.0±0.0

34.5±18.3**

FEV1 (L)

2.7±0.9

1.5±0.8*

92.7±11.6

52.9±25.6***

FVC (L)

3.4±0.8

3.2±1.1

FEV1:FVC

0.79±0.1

0.54±0.2**

Sex ratio (F:M)

FEV1 % Predicted

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity; Data are expressed as mean value ±
standard deviation and analyzed by Mann-Whitney U test; * P <0.05, **P<0.01 and *** P<0.001
compared to non-smokers
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Suppl. Table 7 The characteristics of study subjects for lung homogenate samples.
Nonsmokers

Smokers
(n=9)

(n=9)
Age

GOLD

GOLD

GOLD

GOLD

Stage 1

Stage 2

Stage 3

Stage 4

(n=9)

(n=9)

(n=3)

(n=6)

63.4±13.6

63±12.3

67.7±7.0

63.0±9.3

62.3±10.9

59.8±4.5

Sex (F:M)

7:2

5:4

3:5

5:4

1:2

4:2

FEV1 (L)

2.56±0.6

2.8 ±0.6

2.7±0.6

1.8±0.4*

1.69±0.4*

0.5±0.18**

97.2±16.4

99.4±13.3

89.1±3.9

65.4±17.5**

49.7±4.3*

16.1±2.9***

FVC (L)

3.2±1.1

3.6±0.9

4.0±0.9

3.1±0.8

3.0.1±0.7

1.75±0.5*

FEV1:FVC

80.3±4.9

75.4±4.1

64.3±3.6*

61.5±7.9**

51.8±7.1*

28.5±8.1***

0±0

61.1±32.4

44.3±17.0

57.7±35.4

46.6±21.8

38.6±15.9

(years)

FEV1 (%
predicted)

Smoking
History
(Pack
years)

Abbreviations: COPD = chronic obstructive pulmonary disease; FEV1 = forced expiratory
volume in one second; FVC = forced vital capacity. Data are expressed as mean value ±
standard deviation and by Kruskal-Wallis test with post-hoc Dunn’s test; * P <0.05, **P<0.01
and *** P<0.001 compared to non-smokers.
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Paper #3: The anti-fibrotic drug nintedanib promotes human and
mouse homeostatic macrophages

Carolin K. Koss1, Daniela Schloesser1, Katrin Fundel-Clemens1, Carmen Lerner1, Svenja
Gabler1, Christian T. Wohnhaas1, Stefanie Dichtl2, Heinrich J. Huber1, Kjetil Ask3, Florian
Gantner1, Coralie Viollet1, Matthew J. Thomas1, Fidel Ramirez1, Peter J. Murray2, Karim C. El
Kasmi1
1

Boehringer Ingelheim Pharma GmbH & Co KG, 88397 Biberach, Germany

2

Max Planck Institute of Biochemistry, 82152 Martinsried, Germany

3Department

of Medicine, Division of Respirology, McMaster University, Hamilton, ON, Canada

5.3.1 Abstract
Nintedanib, a broad kinase inhibitor, is one of only two drugs approved for idiopathic
pulmonary fibrosis (IPF). However, its mechanism of action remains unclear as it inhibits >30
kinases in different cell types implicated in fibrosis, including lung macrophages. Here we used
whole animal models to decipher nintedanib’s modes of action on macrophages in lung fibrosis.
In the bleomycin lung fibrosis model and in human IPF, pro-fibrotic macrophages emerge
linked to the influence of TNF and IL-4/IL-13 signaling: nintedanib counterbalanced effects of
TNF on IL-4/IL-13 and modulated expression of an IL-4/IL-13-dependent “homeostatic”
macrophage phenotype. The molecular mechanism was in part connected to nintedanib’s
effect on the CSF1 receptor (CSF1R). Thus, our findings provide proof-of-concept for the
feasibility of pharmacological macrophage reprogramming in vivo and suggest that promotion
of IL-4/IL-13 associated homeostatic macrophages reduce fibrosis under conditions not
dominated by type 2 immunity. Our results therefore extend nintedanib’s anti-fibrotic activity
beyond anti-proliferative effects on fibroblasts to macrophage phenotype modulation.
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5.3.2 Introduction
Macrophages play a central role in the pathogenesis of lung fibrosis (1–5). By contrast,
macrophages also orchestrate repair and regeneration pathways to return the lung to its native
state after infection and damage (6, 7). Macrophages can also attenuate lung fibrosis and
promote resolution in experimental models (4). Thus, macrophages are a prime target for
balancing the outcome of complex pathophysiologies such as lung fibrosis. However,
pharmacological macrophage targeting in vivo is not as straightforward as it may seem. The
current conceptualization of what constitutes pro-fibrotic and homeostatic macrophage
phenotypes is poorly defined and the signals that stimulate homeostatic macrophages during
fibrosis remain unclear (7). Moreover, which phenotypic markers reliably predict if a
macrophage has been therapeutically directed towards a homeostatic phenotype is unknown
(6, 8). Finally, clear experimental evidence for therapeutic interventions that reprogram
macrophages from pro-fibrotic into homeostatic phenotypes is lacking (2, 4). However, one in
vivo example of pharmacological manipulation of macrophages was observed in murine
glioma models treated with a specific inhibitor of the CSF1 receptor (CSF1R)(9, 10). The
CSF1R is essential for the development and tissue maintenance of nearly all macrophages of
the body (11). In the case of BLZ945-mediated CSF1R inhibition, brain macrophages were
“re-educated” in part via local effects on IGF-1 production to promote tumor killing and cancer
regression without overtly affecting macrophage viability.
Two FDA approved drugs with anti-fibrotic activity are used for treatment of lung
fibrosis, nintedanib (Ofev®) (12) and pirfinidone (Esbriet®) (13). While the mode of action of
pirfinidone is ill-defined (13) the antifibrotic activity of nintedanib has largely been attributed to
its inhibitory effects on fibroblasts (14). Nintedanib targets at least 34 kinases, including the
CSF1R, which is blocked with an IC50 in the low nM range (14). Nevertheless, nintedanib’s
activity on macrophages has only been superficially characterized (15, 16). We reasoned that
dissecting the lung macrophage phenotypes during fibrosis-linked inflammation in the context
of nintedanib would reveal pro-fibrotic and homeostatic pathways and phenotypes and thereby
guide the design of new therapeutic approaches targeting macrophage to treat fibrotic
disease. In other words, we reasoned that nintedanib’s potentially complex modes of action
on many kinases could be dissected by asking the entire animal to inform what the key cellular
and molecular pathways were that are involved in anti-fibrotic pathways.
By combining in vitro and in vivo bulk and single cell RNAseq approaches we
connected the anti-fibrotic activity of nintedanib to enhancing IL-4/IL-13 homeostatic human
and mouse macrophage phenotypes. Our data challenge the long-standing paradigm of
blocking IL-4/IL-13 signaling to attenuate fibrosis and instead highlight promoting IL-4/IL-13
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associated macrophage phenotypes as a therapeutic approach to reduce fibrosis in conditions
that are not dominated by type 2 immunity. Furthermore, our study demonstrates the feasibility
of pharmacological macrophage targeting providing a rationale for exploiting macrophages to
attenuate fibrosis.
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5.3.3 Results
Delineation of the myeloid cell population structure in experimental lung fibrosis
As a first step to define macrophage populations in the whole lung, we employed single
cell RNA sequencing (scRNAseq) analysis from lungs of mice exposed to bleomycin for 7 (to
capture the early inflammatory stage) or 14 days (to capture the fibrotic stage) (Fig. 1A). This
gave us an overview of the lung myeloid cell population structure in a widely-used model of
lung fibrosis. After ex vivo and in silico immune cell enrichment and unsupervised clustering,
we only analyzed cells expressing CD45 (all hematopoietic cells). As expected, the majority
of cells were from the myeloid lineage (Fig. 1B) and could be further categorized into
monocytes (CD14), alveolar macrophages (AM, SiglecF, Lepr, the Leptin receptor which is
highly and specifically expressed in AMs)(17) and interstitial macrophages (C1qa) (Fig. 1B).
By determining the transcriptional differences of all macrophages, we identified 4 AM and 11
non-AM subpopulations (Fig. 1C). We next temporally quantified the relative proportions of
these populations post bleomycin challenge relative to baseline (normal saline administration)
(Fig. 1D). We observed a relative increase of almost 13,000 macrophages and over 600 cells
that had transcriptional features indicating transitional phenotypes between monocytes and
macrophages (Mono-Mac) after bleomycin treatment (day 7 and day 14) (Fig. 1D). As others
have found previously, we identified three distinct interstitial macrophage (IM) subpopulations
at baseline, here designated Mac-3, Mac-5 and Mac-9 (18) (Fig. 1E). In keeping with recent
RNAseq studies lung injury models (17–20), the percentage of macrophages compared to all
cells was 12% at baseline, 20% at day 7 and 40% at day 14. As expected, (2, 4, 19, 21), most
macrophages at baseline were AMs (Fig. 1B-F). When we quantified the aggregated
expression of AM (SiglecF, Marco, Lepr) and IM (C1qb, C1qa, C1qc) markers (18, 22, 23) and
scored each cell we observed a clear AM-IM separation at baseline, which emerged into a
phenotypic spectrum between AM-IM phenotypes from day 7 to day 14 (Fig. S1A,B,C)
including a previously described decrease of AMs and increase in IMs over time (Fig. 1F, Fig.
S1C) (24). Thus, bleomycin induced distinct alterations in lung macrophage populations at day
7 and day 14 and our findings exhibited a high degree of consistency with recent scRNAseq
findings in the bleomycin model of lung fibrosis (4, 18, 19, 25).
Nintedanib alters myeloid cell population structure in experimental lung fibrosis
We next used nintedanib (50 mg/kg), a dose which had previously been documented
in this model (26) and was administered from day 1-7 or from day 6-14 to capture its effects
during early inflammatory and later fibrotic stages, respectively (Fig. 1A). As a first observation,
we detected decreases in monocyte populations at both time points compared to untreated
controls (Compare Fig. 1F to Fig. 1G). Furthermore, we noted alterations in population
structure in IM macrophages with the relative emergence (Mac-d; Mac-g; Mac-j, Mono-e;
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Mono-Mac-b; Mono-Mac-d) and expansion (Mac-9) of distinct IM populations (Compare Fig.
1F to Fig.1 G, H).
To investigate the nintedanib-dependent decrease in cell density in the monocyte
populations (Fig.1 F, G), we segregated the CD14+ populations using CCR2 and CX3CR1
because of their reported pro-fibrotic roles (Fig. 2A,B) (27, 28). Nintedanib caused a relative
decrease in CD14 expression, consistent with the observed overall reduction in monocytes
depicted in Fig 1F,G (Fig. 2A,B). More specifically, nintedanib reduced CCR2 expression at
the 7-day timepoint and CX3CR1 expression at the 14-day timepoint (Fig. 2A,B). Nintedanib
also caused a specific increase in macrophage sub-populations (e.g. Mac-9; Mac-d or Mac-g)
while decreasing others (e.g. Mac-0; Mac-6; Mac-8) (Fig. 2C). Overall lung macrophage
numbers increased at 7- and 14-days post bleomycin exposure (1872 at day 7 and 4453 at
day 14) in response to nintedanib (3224 at day 7 and 4991 at day 14) (Fig. 2C, Fig. S1D).
Using CSF1 receptor expression as a macrophage lineage marker revealed similar findings
(Fig. 2D). Collectively, nintedanib altered the overall macrophage types and quantities in the
lungs of mice treated with bleomycin.
Nintedanib expands an anti-fibrotic macrophage population
Recently, Chakarov et al. used the bleomycin model to identify two distinct interstitial
macrophage populations with either high or low MHCII expression. Through mechanistic
studies they established that interstitial macrophage populations with low expression of MHCII
genes attenuated fibrosis (4). Therefore, we tested the hypothesis that nintedanib would
specifically expand MHCIIlow interstitial macrophage populations based on their reported
protective role in the bleomycin fibrosis model (4). Indeed, the top downregulated transcripts
by nintedanib were dominated by genes encoding for MHCII genes (Fig. 2E). Based on these
data we classified all macrophage subpopulations as either MHCIIhigh or MHCIIlow in order to
better quantify the differences induced by nintedanib (Fig. S1E). We observed that after
bleomycin exposure, MHCIIhigh and MHCIIlow macrophages were equally distributed, while with
nintedanib this proportion changed to 65% MHCIIlow and 35% MHCIIhigh (Fig. S1E).
Furthermore, MCHII low macrophage populations were largely restricted to the IM phenotypes
that emerged or expanded with nintedanib (Fig 2F). Nintedanib also attenuated expression of
MHCII genes in vitro in naïve bone marrow derived macrophages (BMDMs) exposed to GMCSF (to stimulate MHCII transcription) (Fig. S1F). Thus, nintedanib expanded macrophage
populations with low expression of MHCII class genes previously associated with ani-fibrotic
function (4) and while decreasing pro-fibrotic CCR2 and CX3CR1 monocytes (27, 28).
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Nintedanib enhances expression of homeostatic genes
To study the effects of nintedanib on the transcriptional phenotype of macrophages we
used an unbiased approach and distinguished the top 15 differentially expressed genes in the
nintedanib modulated macrophage subpopulations relative to bleomycin. We noted that many
of the upregulated genes are regulated by IL-4/IL-13 signaling, such as Chil3, Arg1, Furin, and
Mrc1 (Fig. 2E) and type 2 immunity signaling (Fig. S1G). Consistent with these observations,
we also detected increased expression of transcripts for the IL-4 receptor alpha chain (IL4Rα)
across lung macrophage populations in response to nintedanib (Fig. S1H) and more
specifically those IM populations that emerged or expanded with nintedanib (Fig. 1H, Fig.2E).
An additional unbiased approach to identify the top 10 upregulated transcription factors found
Fosb, Klf4, Fos, Cebpb higher expressed in the macrophage subpopulations expanded or
emerged with nintedanib (Fig. S1I). Among these transcription factors KLF4 and C/EBPβ have
previously been associated with IL-4/IL-13 signaling in macrophages (29, 30). To investigate
the effect of nintedanib on IL-4/IL-13 inducible genes in more depth, we determined transcript
amounts for Arg1, Chil3, Ear2, Fn1 and Mrc1 as representative IL-4/IL-13 inducible genes (31)
across the lung macrophage populations (Fig. 2G, Fig. S2A,B). Transcripts for Arg1, Chil3,
Ear2, Fn1 and Mrc1 were detected across the interstitial macrophage populations at day 7 of
bleomycin and they were further increased and expanded across IM populations at day 14
post bleomycin (Fig. 2G, Fig. S2A,B). Nintedanib promoted further increases in expression
which were additionally expanded across more IM populations (Fig. 2G, Fig. S2A, B).
Therefore, nintedanib augmented expression of an IL-4/IL-13-inducible phenotype in lung
macrophages.
Nintedanib promotes homeostatic macrophage phenotypes during fibrosis
We next sought to further substantiate the link between nintedanib and activation of
homeostatic macrophages. To do this, we first needed a signature set of mRNAs that were
linked to IL-4/IL-13 signaling in macrophages as these would be associated with a “protective”
macrophage in the nintedanib-treated mice. We exposed naïve BMDMs in vitro to IL-4/IL-13
and performed bulk RNAseq to generate an IL-4/IL-13-induced gene signature (top 160
upregulated genes relative to untreated BMDMs) (Fig. 3A). As expected, Retnla, Ear2, Arg1,
Chil3 were within the top 20 upregulated mRNAs (Fig. 3B). We subsequently projected this
gene signature onto single cell RNAseq data obtained from the lungs of naïve (homeostatic)
mice (Fig. 3A). As shown in Fig. 3C alveolar macrophages, which provide homeostatic control
of the lung (23, 32), expressed this signature (Fig. 3C). When projected on the scRNAseq data
from mice at day 7 and day 14 after bleomycin, distinct IM populations were identified (Fig.
3D) that changed with nintedanib (Fig. 3D); importantly these IM populations also expressed
phenotypic markers of alveolar macrophages (Fig. 3D). Thus, nintedanib promoted the
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emergence of macrophage populations with an IL-4/IL-13 associated homeostatic alveolar
macrophage phenotype during experimental lung fibrosis. Importantly, the effect of nintedanib
on modulating IL-4/IL-13 gene expression was recapitulated in vitro, providing a means to
further dissect the mode-of-action of the drug (Fig. 3E, S3A).
Nintedanib enhances homeostatic macrophage phenotypes in vitro
So far, our results argued nintedanib’s anti-fibrotic effects are in part linked to
modulation of a homeostatic macrophage phenotype in vivo and in vitro. To understand the
mode of action of nintedanib’s direct effects on macrophages (noting many potential kinases
could be involved), we used mechanistic approaches that connect homeostatic macrophage
phenotypes to physiological outcomes. First, IL10 has been reported to enhance IL-4/IL-13
activation of macrophages (6) and is a known master anti-inflammatory (33), homeostatic (34)
and anti-fibrotic cue (35). As expected, IL10 augmented expression of Fizz1, Chil3, Ear2 and
Arg1 in mouse IL-4/IL-13 activated BMDMs (Fig. 4A). Importantly, nintedanib further increased
expression of all these genes in IL-4/IL-13/IL10 exposed BMDMs (Fig. 4A, S3B). These results
suggested that nintedanib was controlling a step in IL-4/IL-13 responsiveness, which could lie
at the level of the IL4Ra, common to both IL-4 and IL-13 signaling. Indeed, BMDMs exposed
to nintedanib exhibited increased Il4ra transcription (Fig. 4B, S3A). STAT6 phosphorylation
was unaffected by nintedanib at the early phase of IL-4/IL-13 signaling (Fig. 4C). Later,
nintedanib caused an increased decay in pSTAT6 we attributed to the fact that increased
responsiveness to IL-4/IL-13 caused a concomitant increase in Socs1 mRNA expression,
required for feedback extinction of IL4Rα signaling (Fig. 4C-E) (36). Taken together with the
IL-10 results, we found nintedanib modulates IL4Rα signaling most likely by a primary effect
on the amounts of IL4Rα.
Apoptotic cells are an important cue to induce a homeostatic phenotype in IL-4/IL-13
activated BMDMs (31). As previously reported by others (31), combining IL-4/IL-13 activation
with exposure to apoptotic cells resulted in increased expression of Retnla, Ear2 and Chil3
relative to BMDMs not exposed to apoptotic cells (Fig. 4F). Importantly, nintedanib further
increased expression of Retnla, Ear2, Chil3 and Arg1 relative to IL-4/IL-13 activated BMDMs
not exposed apoptotic cells (Fig. 4F). These findings prompted us to explore pathways
associated with corpse removal in more detail. Ingenuity Pathway Analysis (IPA) at the 14day time point in the bleomycin model time point revealed increases in the LXR pathway and
concomitant increases in its downstream cholesterol pathways (Fig. S1G)(37, 38). MertK is a
canonical LXR regulated macrophage specific gene involved in corpse removal, a critical
macrophage homeostatic and reparative function (37). We found that Mertk expression was
present at day 7 post bleomycin and increased at day 14; importantly, its expression was
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further enhanced and expanded in response to nintedanib at both time points (Fig. S3C). In
addition, nintedanib increased expression of MertK in vitro in BMDMs (Fig. S3D, 4F). The LXR
target genes Abcg1 and Abca1 encoding for cholesterol transporters are critical for efficient
corpse removal to ensure homeostatic and reparative function (37, 38). In unpolarized and IL4/IL-13 activated BMDMs nintedanib promoted expression of Mertk, Nr1h3, Abcg1 and Abca1
in both unpolarized BMDMs and IL-4/IL-13 activated BMDMs (Fig. S3D, 4F). LXR pathway
genes Mertk, Nr1h3, Abca1 and Abcg1 were even further increased in BMDMs exposed to IL4/IL-13, nintedanib and apoptotic cells (Fig. 4F). Nintedanib did not modulate uptake of
apoptotic corpses in mouse macrophages in vitro (Fig. S3E).
Nintedanib enhances IL-4/IL-13 associated phenotypes in human macrophages
We next translated the murine findings concerning nintedanib’s effects on ILR4a
signaling to human macrophages. As observed in mouse BMDMs (Fig. 4), in human monocyte
derived macrophages (MDMs) exposed to IL-4/IL-13 and nintedanib, IL4RA expression was
increased and SOCS1 expression was upregulated over time relative to IL-4/IL-13 alone,
followed by slightly increased decay in the pSTAT6 (Fig. 5A,B,C). CCL18, a marker of human
IL-4/IL-13 activated macrophages (39) was increased by nintedanib on mRNA and protein
level in IL-4/IL-13 stimulated MDMs (Fig. 5D, S3F). Nintedanib also increased expression of
the canonical IL-4/IL-13 inducible genes PPARG, SOCS1 and SOCS2 in IL-4/IL-13 exposed
MDMs (Fig. 5E). As observed in mouse BMDMs, nintedanib promoted expression of the LXR
pathway genes MERTK, NR1H3, ABCG1 and ABCA1 in both unpolarized MDMs and IL-4/IL13 activated MDMs (Fig. S3G,H). Furthermore, human MDMs exposed to apoptotic cells
exhibited further increased expression of CCL18 and the LXR pathway genes ABCA1 and
ABCG1 after nintedanib exposure (Fig. 5F).
Nintedanib modulates the effects of TNF on IL-4/IL-13 phenotypes
The clinical deployment of nintedanib is indicated to block fibrosis. We therefore
suspected that the drug-induced changes in macrophage phenotypes were consistent with
suppression rather than promotion of fibrosis. To evaluate this model, we defined the
macrophage phenotypes encountered during bleomycin-induced fibrosis in the presence of
nintedanib. The observation that nintedanib augmented expression IL-4/IL-13 dependent
genes was unexpected when considering that IL-4/IL-13 controls pro-fibrotic pathways in
many physiological contexts (40). By contrast, expression of the IL-4/IL-13 pathway genes
(Fig. 2E) has also been associated with an anti-fibrotic macrophage phenotype (31, 41, 42).
Prior studies have shown that the fibrosis driving pathways in the bleomycin model and IPF
are not dominated by IL-4/IL-13 or type 2 immunity (43). Instead, there is considerable
evidence that in the bleomycin model and IPF expression of IL-4/IL-13 is accompanied by
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inflammatory cytokines (44–50). TNF is a candidate pro-inflammatory cytokine associated with
a pro-fibrotic role in human IPF and the bleomycin model (47–49). TNF is associated with
many chronic forms of non-resolving inflammation and is targeted by anti-TNF biologics such
as Remicade (51). A recently discovered TNF-dependent pathway concerns the modulation
IL-4 signaling in macrophages, which suppresses IL-4/IL-13 inducible genes (52, 53) such as
Arg1 which can have known anti-fibrotic functions (41). We therefore wondered if exposure of
macrophages to IL-4/IL-13/TNF was reflective of a phenotype encountered during fibrosis. To
evaluate this concept, we first needed to acquire a robust gene expression signature
associated with IL-4/IL-13/TNF signaling in macrophages. We stimulated naïve BMDMs with
IL-4/IL-13/TNF followed by bulk RNAseq to generate an IL-4/IL-13/TNF gene signature (Fig.
6A). We defined this signature to be composed of two main components (Fig. 6A,B): IL-4/IL13 induced genes suppressed (component 1) or increased (component 2) by TNF (Fig. 3A,B).
These gene signatures were subsequently projected onto the scRNAseq data from the
bleomycin model (without nintedanib treatment) at both time points (top 1005 (component 1)
and 865 (component 2) deregulated genes relative to IL-4/IL-13 stimulated BMDMs). We
observed that at both day 7 and day 14 post bleomycin component 1 and component 2 were
present in distinct IM populations (Fig. 6C). However, a distinct IM population expressing
component 1 of the signature emerged (Fig. 6C). We next projected the IL-4/IL-13/TNF
signatures onto scRNAseq data from the nintedanib exposed mice. At day 7 (nintedanib
treatment from day 1 to day 7), specific IM populations that expressed component 1 of the
fibrotic signature were suppressed relative to the bleomycin alone condition (Fig. 6D). Similar
observations were made at day 14 (nintedanib exposure from day 7 to day 14) with a specific
absence of a distinct IM population which expressed component 1 of the pro-fibrotic signature
(Fig. 6E).
Based on these findings we determined if TNF modulated the expression of the IL4/IL-13 homeostatic macrophage genes Arg1, Fizz1, Chil3, Ear2 and Socs1 (as an additional
canonical IL-4 response gene). IL-4/IL-13 induced these genes in naïve BMDMs in vitro as
previously reported (31, 36) and TNF modulated expression of these genes in a distinct way:
as recently documented, expression of Arg1 was attenuated (Fig. S4A-C) (52); in addition,
expression of Fizz1 was suppressed, while expression of Chil3 and Ear2 remained unchanged,
and expression of Socs1 was increased (Fig. S4A-C). Nintedanib increased expression of
Fizz1, Chil3, Ear2 and Socs1 in mouse IL-4/IL-13 activated BMDMs in vitro exposed to TNF
(Fig 6F-H). Moreover, nintedanib also increased expression of the LXR pathway genes in IL4/IL-13/TNF exposed BMDMs (Fig. S4D).
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These data establish that in vivo during fibrosis and in in vitro experimental settings
that approximate the fibrotic condition nintedanib enhances IL4/IL13 dependent “homeostatic”
macrophage phenotypes.
Nintedanib modulates the IL-4/IL-13/TNF phenotype in human macrophages
To transfer the relevance of the findings in the mouse system to humans with IPF we
determined if an in vitro generated IL-4/IL-13/TNF signature of human macrophages could be
mapped onto scRNA sequencing data of the human fibrotic lung (3, 5) (Fig.7A,B). We were

able to project this signature and identified specific macrophage populations (Fig.7C) isolated
from the fibrotic areas of the IPF lung (5). The lack of RNAseq data from human lungs from
IPF patients that received nintedanib treatment precludes mapping the human IL-4/IL-13/TNF
signature to conditions with nintedanib exposure. Nevertheless, to gain experimental insight
into the effect of nintedanib on human macrophages in conditions approximating the fibrotic
environment in the IPF patient, we employed an in vitro co-culture system. Human MDMs
were cultured in trans-well with normal human lung fibroblasts. These cultures were stimulated
with IL-4/IL-13/TNF with and without nintedanib followed by bulk RNA sequencing of the
MDMs (Fig. 7D). By taking an unbiased approach we determined the top 15 upregulated and
downregulated genes (Fig. 7E). The top 15 upregulated genes of the macrophages from the
indirect co-culture were almost identical to the genes in single culture, indicating that
nintedanib can directly modulate human macrophage phenotypes (Fig. 7E). Principal
component analysis demonstrated this effect of nintedanib (Fig. S5A) and consistent with our
in vitro data and the mouse bleomycin data, ingenuity pathway analysis also showed an
increase of the LXR pathway (Fig. S5B,C). Finally, we validated these findings and found that
expression of CCL18, NR1H3, ABCA1, ABCG1 were increased by nintedanib (Fig. 7F, S5D).
Similarly, qPCR from human MDMs exposed to IL-4/IL-13/TNF showed CCL18, IL4Ra,

NR1H3, ABCA1, ABCG1 expression was significantly increased by nintedanib relative to IL4/IL-13/TNF alone (Fig. 7F, S5E). Thus, combining IL-4/IL-13 and TNF stimulation on human
macrophages in vitro reproduces human macrophage phenotypes encountered in the human
fibrotic lung and these macrophage phenotypes can be “re-educated” by nintedanib towards
a homeostatic phenotype.
Nintedanib modulates macrophage survival and differentiation pathways
Nintedanib inhibits >30 kinases (Fig. S6A). Practically, such a breadth of action makes
assigning specific inhibitory pathways difficult, especially in a complex inflammatory milieu
such as a fibrotic lung. Nevertheless, the fact that our results show nintedanib favors the
emergence of a homeostatic macrophage population suggest that one or more drug targets
are macrophage-intrinsic. To gain insight into the mechanisms, we first mapped these targets
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to the mouse and human scRNAseq data. This revealed that 6 (CSF1R, LYN, TGFBR1,
STK24, FYN, FLT3) of these 34 kinases are expressed in both the human and mouse datasets
(Fig. S6A). Next, we ranked these 6 kinases according to their IC50 values. The lowest IC50
has CSF1R with 5 nmol/L, followed by FTL3 with 26 nmol/L and then STK24 with 61 nmol/L.
Of these 3 kinases, CSF1R and STK24 are among the kinases with the highest expression
levels in the mouse and human data sets (Fig. S6B,C). The CSF1R is required for the correct
numbers of all tissue macrophages, with the notable exception of lung AMs, which require
GM-CSF signaling in cooperation with TGFβ(54). However, in lung inflammation, a complex
interplay between CSF1-dependent infiltrating monocyte-derived macrophages and the
resident AMs occurs, suggesting that both CSF1 and GM-CSF are required to manifest
resolution and repair of the lung macrophage populations. To evaluate the effect of nintedanib
on CSF1R signaling, we incubated BM myeloid progenitors with nintedanib (100 nM) at the
beginning of a conventional CSF1 BMDM culture, where CSF1 controls expansion and
differentiation of macrophages from myeloid progenitors. Nintedanib inhibited macrophage
development (Fig. 8A). As the CSF1R is the sole receptor tyrosine kinase required for BMDM
development (under these conditions), nintedanib is likely on-target for the CSF1R. The effects
of nintedanib were the same as GW2580, a specific CSF1R inhibitor (IC50, 30 nM) (55) (Fig.
8A). Both, nintedanib and GW2580 also inhibited human macrophage development (Fig. 8A).
Notably, nintedanib did not obviously affect the viability of BMDMs after the 7day proliferation
and differentiation period, potentially because earlier development of macrophages is
exquisitely sensitive to CSF1R signaling.
Inhibition of CSFR signaling enhances homeostatic macrophage phenotypes
To discern how nintedanib might control the in vivo homeostatic phenotypes observed
in the bleomycin model, we noted previous experiments in glioma mouse models where
CSF1R inhibition by a specific kinase inhibitor BLZ945 modulated macrophage gene
expression from a pro- to anti-tumor phenotype. In part the molecular mechanism in this
setting was tied to IGF-1 production. We therefore tested if the modulation of IL-4/IL-13
associated macrophage phenotypes observed with nintedanib (Fig. 5,6) was due to its
inhibitory effects on the CSF1R and predicted that GW2580 would also augment expression
of IL-4/IL-13 macrophage phenotypes. As observed with nintedanib, GW2580 increased
expression of IL4ra (Fig. 8B) and of Fizz1, Chil3, Ear2 and Arg1 in the presence of IL-4/IL-13
(Fig. 8C), IL-4/IL-13 and IL10 (Fig. 8D), and apoptotic cells (Fig. 8E). GW2580 also increased
expression of LXR pathway in macrophages (Fig. 8F, S7A). Finally, GW2580 also increased
expression of IL-4/IL-13 pathway genes in human MDMs (Fig. 8G,H, S7B-G). Therefore,
nintedanib targets the CSF1 pathway to enhance IL-4/IL-13 associated macrophage
phenotypes.
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5.3.4 Material and Methods
Study design
All mice used in this study were maintained in the Animal Barrier Facility of Boehringer
Ingelheim under specific pathogen-free conditions (IVC housing). Mice had free access to food
and water and were housed on a 12-hour dark/light cycle. All animal experiments were
conducted according to protocols approved by BI Animal Care and local authorities
(Regierungspräsidium Tübingen 35/9185.81-8 / 16-028-G).
All mice used for single cell RNAseq were C57BL/6J males weighing 18-22 g from Janvier
Laboratory. Bleomycin sulfate (Cat. 203401; Calbiochem, Lot:D00140373) (0.7 mg/kg)
dissolved in 50µl 0.9% NaCl was once (day 0) intratracheally instilled under isoflurane
anesthesia. Nintedanib esylate (M: 649,77 g/mol) (50 mg/kg) dissolved in 10 mL/kg deionized
water was administered orally twice daily with an 8h break in between. Nintedanib was
administered for the 7 day bleomycin group from day 0 to day 6 and for the 14 day bleomycin
group from day 7 to day 13. Mice were sacrificed at either day 7 or day 14 after bleomycin
administration using i.p. injection of pentobarbital sodium solution. To avoid batch effects in
the single cell data set, animals (n=9) of the six different experimental groups, baseline (7 and
14 days), bleomycin (7 and 14 days) and bleomycin combined with nintedanib (7 and 14 days),
were randomly processed. Consequently, 9 mice per group were processed on 3 different
days (3 mice/group/day), corresponding to a single cell data point per group. In total, the single
cell data set consists of three data points per group.
Reagents
Human and mouse primary cells were stimulated with reagents and concentrations depicted
in Table 1.
Table 1: Reagents for experiments
Species
Cytokine
Concentration
Human /
50 ng/mL (for
mouse
differentiation)
rhM-CSF
10 ng/mL (during
experiments)
Mouse
rmIL-4
10 ng/mL
Mouse
rmIL-13
10 ng/mL
Mouse
rmTNFα
10 ng/mL
Human
rhIL-4
10 ng/mL
Human
rhIL-13
10 ng/mL
Human
rhTNFα
10 ng/mL
Human/mouse CSF1R100 - 200 nM
Inhibitor
Human/mouse Nintedanib
100 - 200 nM

Catalogue number

Manufacturer

216-MCC/CF

R&D Systems

404-ML/CF
413-ML/CF
410-MT/CF
204-IL/CF
213-ILB/CF
410-MT/CF

R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems

GW2580

Sigma-Aldrich

BIBF1120
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In vitro activation of mouse macrophages
Mouse BMDMs were generated from male C57BL/6 mice (Charles River Laboratories) and
stimulated as previously described (56) for 24h.
In vitro activation of human macrophages
Human MDMs were differentiated from monocytes purified from PBMCs from human
volunteer donors and stimulated as previously described (56) for 24h. All experiments with
blood from human volunteer donors were approved by the blood donation service from
Boehringer Ingelheim Pharma GmbH and Co KG following ethical standards and local
regulation.
Efferocytosis Assay
Macrophages and prey cells were plated in a 1:1.875 ratio in 96-well plates (20 000c/well).
HCT116 cells (human system, ATCC, #CCL-247) or MC38 cells (murine system, directly
obtained from NCI) were made apoptotic by UV light exposure for 15 min or 10 min,
respectively and used as prey cells. To monitor uptake of apoptotic corpses by macrophages
prey cells were labelled with pHrodo® dye (250 ng/ml) according to manufacturer’s protocol
(Sartorius, #4649) and then added to the macrophages. Live cell imaging was performed every
hour using IncuCyte S3 (Sartorius). Image analysis was carried out with IncuCyte Software
and ‘RCU x µm²/Image’ values were plotted using GraphPad Prism 9.
Repair-efferocytosis-assay
For RNA isolation macrophages were seeded in 6-well plate (350 000 c/well). Prey cells were
made apoptotic by UV light (see Efferocytosis Assay) and added in a ratio of 1:1.9 to the
macrophages. 6 h later, IL-4 (10ng/ml; R&D, #404-ML/CF) and IL-13 (10ng/ml; R&D, #413ML/CF) were added to the system. 18 h later, cells were lysed with RLT Plus Buffer (Qiagen,
#1053393)
Differentiation-assay
40*10^4 monocytes (human) or crude bone marrow cells (mouse) were seeded in a 96 well
plate and stimulated with M-CSF (50ng/mL), NTB (100 nM or 200 nM) or GW2580 (100 or 200
nM) for 7 days as described in the results section. Macrophage differentiation was monitored
by live phase-contrast microscopy using the IncuCyte S3 system with the 10x objectives taking
5 images per replicate every 6 h for 7 days.
RNA isolation and qPCR:
RNA isolation and qPCR were performed as previously described (56).
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Table 1: Taqman gene expression assays (ThermoFischer Scientific)
Species Gene
Catalogue number Species Gene
Mouse Hprt1 (Housekeeper)

Mm03024075_m1 /
Hs02800695_m1

Catalogue number

Human CCl18

Hs00268113_m1
Hs00267207_m1

Mouse Socs1

Mm01342740_g1

Human CD206

Mouse IL4ra

Mm00439635_m1

Human PPARG Hs01115513_m1

Mouse Arg1

Mm00475988_m1

Human SOCS1 Hs00705164_s1

Mouse Retnla

Mm00445109_m1

Human SOCS2 Hs00919620_m1

Mouse Chil3

Mm00657889_mH

Human IL4RA

Mouse Ear2

Mm04207376_gH

Human MERTK Hs01031970_m1

Mouse Mertk

Mm00434920_m1

Human NR1H3 Hs00172885_m1

Mouse Nr1h3

Mm00443451_m1

Human ABCA1 Hs01059101_m1

Mouse Abca1

Mm00442646_m1

Human ABCG1 Hs00245154_m1

Mouse Abcg1

Mm00437390_m1

Mouse H2-DMa Mm00439226_m1

Mouse Cd74

Mm00658576_m1

Mouse H2-Aa

Mouse H2-Eb1

Mm00439221_m1

Mouse H2-Ab1 Mm00439216_m1

Hs00965056_m1

Mm00439211_m1

Cytokine measurements
To measure the cytokine concentrations in supernatant, CCL18 ELISA (DY394 R&D) was
used according to the manufacturer’s instructions.
Western Blot
BMDMs and MDMs were 1 h pre incubated with NTB (200 nM) following exposure to IL-4/IL13 for 30 min. Samples were lysed with RIPA buffer (Sigma, #R0278) substituted with
protease and phosphatase inhibitors (Thermo Scientific, #1861284) at the time points
indicated in the figures which represents the times after removal of IL-4/IL-13 or the
combination of IL-4/IL-13 with NTB. Protein lysates were separated by 4–12% gradient SDSPAGE in Tris-HCl buffer and transferred to nitrocellulose membranes. Membranes were
blocked in 5% milk or BSA in TBS containing 0.1% Tween. Primary antibodies included rabbit
anti-STAT6 (1:1000; CST, #5397), rabbit anti-phospho-STAT6 (1:1000; CST, #56554) and
rabbit anti-GAPDH (1:2000; CST, #2118). Goat anti-rabbit IgG-horseradish peroxidase
(1:2500; Amersham, #RPN4301) was used as secondary antibody.
Single cell RNA sequencing study
Library preparation and Single-cell sequencing
Immune cells were isolated from mouse lungs by the following procedure: Lungs were
dissociated using the gentleMACS protocol according to the manufacturer’s instructions
(Miltenyi Biotec, Bergisch Gladbach), flushed through a 70 µm cell strainer (pluriSelect,
Leipzig, Germany) and washed twice with HBSS/0.5% FCS/0.4% EDTA buffer. Lung
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suspensions were then centrifuged for 5 min at 320 g and 4 °C in between each washing steps.
Lung immune cells were then isolated according to the Lymphocyte Separation Medium
protocol (Lonza, Basel, Switzerland) and cell pellets were washed in 10 mL of HBSS/0.04%
BSA to prepare cells for single cell RNAseq. Finally, single cell suspensions were resuspended in HBSS/0.04% BSA buffer, filtered through a 40 µm cell strainer and diluted to a
final cell number of 1x10^6 cells/mL.
Handling of the Chromium Controller and library preparation using the Single Cell 3’ Reagent
Kits v2 (10x Genomics, Pleasanton, CA) were performed according to the manufacturer’s
instructions. The Single Cell 3’ Chip was loaded aiming to capture 5,000 cells. cDNA from
captured immune cells was amplified during cDNA amplification (13 PCR cycles) and libraries
were prepared from 110 ng of cDNA. 13 amplification cycles were performed during the final
index PCR reaction. An additional and final clean-up step with 1 volume of SPRISelect Beads
(Beckman Coulter, Brea, CA) was performed to remove any left-over primers and primer
dimers.
Libraries were on average 450 bp in length and sequencing was performed on a HiSeq 4000
using a HiSeq 3000/4000 PE Cluster Kit and two 50-cycle SBS kits (Illumina, San Diego, CA).
Paired-end sequencing included a 26 bp read 1 (16 bp cell barcode and 10 bp UMI), 8 bp
index read and 98 bp read 2 (transcript sequence read).
Bioinformatic analyses scRNA-seq processing.
Single cell data was processed using CellRanger v3.0.2. Reads were aligned to reference
genome mouse GRCm38.86 from Ensembl. Count matrices were processed for each sample
individually. Cells were filtered using Seurat 3 (57) with the following parameters: minimum
number of genes: 300, maximum number of genes: 4000, maximum fraction of mitochondrial
genes 0.15. Quality controls showed that UMI count, number of genes and percentage of
mitochondrial genes were in-line with expected 10x quality values. On average each sample
contains ~3.800 cells.
Standard processing of single cell data was carried out as follows: Total UMI counts per cell
were normalized to 10.000 and transformed to log (UMI +1). Samples were aggregated using
two methods: the CCA method from Seurat 3 and also by simply concatenating the results.
This was done to decide if CCA alignment was needed given the homogeneity of the mouse
data.
Subsequently, highly variable genes (HVG) were identified and PCA was computed using
HVGs. Biases due to mitochondrial gene content or total UMI counts were checked on PCA
plots and ruled out (i.e. PCA components did not separate data based on either mitochondrial
gene content or total UMI counts). UMAP embedding was computed as well as clustering.
Broad cell types were annotated with SingleR (19) using the immgen reference dataset. We
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ruled out the necessity to use CCA alignments after checking that diverse samples aligned
properly based on cluster composition and cell type assignment.
All subsequent analysis and figures were done using Scanpy v.1.4.5 (58)
Myeloid cells were identified using the Cst3 and Lyz1 marker genes from the aggregated
samples. All clusters expressing those genes were isolated from the rest of the data. Highly
variable genes, PCA, UMAP were recomputed for this smaller data. The Leiden community
detection algorithm was used to cluster the cells (59). We also computed a force-field layout
for the cells (60) using scanpy. This layout offered the advantage of revealing developmental
trajectories that are not clearly seen in either t-SNE or UMAP. Moreover, it also produced very
similar layouts under different parameter selection.
Myeloid cells from untreated samples (without nintedanib treatment) were classified into the
following groups Monocyte (Cd14 and Cd11a), mono-to-mac (reduction of monocyte markers
((Plac8, Ifitm6, Aif1) and absence of macrophage markers like Mertk), neutrophils (Cxcr2 and
S100a9) (61, 62), and dendritic cells (Zbtb46 transcription factor) (63–65), with further
characterization as DC1 (Clec9a, Cadm1, Xcr1) (64, 66), DC2 (Clec10a) (64, 66) and pDC
(Tcf4, Siglech) (64, 66) (Fig. 1C).
Cells labelled as macrophages (alveolar macrophages and other macrophages) were
clustered independently (using the Leiden method) to identify subpopulations which were
labelled according to the cell type (e.g. AM,1, AM,2, Mac,0 etc).
To identify novel clusters in nintedanib treated samples we used the same clustering method
per cell type as previously but for all day 14 samples (bleomycin exposure and bleomycin +
nintedanib). This time we also included Monocytes and mono-to-macrophages groups. As in
Fig. 1, we identified clusters using the Leiden method independently for each broad cell type
(AM, OM, Mono-Mac and Mono). Clustering parameters were adjusted for higher resolution
(resolution parameter set to 1) in order to detect smaller differences. Clusters whose majority
of cells (>70%) were only present in the + nintedanib treatment were defined as new clusters.
All other clusters were re-labeled using the corresponding labels defined in Fig. 1. For this, we
looked at the Fig. 1 clusters and identified the highest overlap with the new clusters for the
bleomycin only cells. After creating a mapping from new cluster labels to previous cluster
labels we renamed the cluster annotations.
Human IPF single cell RNAseq data
Single cell data was downloaded from GEO (Morse: GSE128022, Kaminski: GSE136831) and
processed using Scanpy (v 1.6). Doublets were identified and removed using Scrublet.
Samples were integrated using scVI v0.7.
scVI’s latent variables were used for UMAP and for clustering the data using the Leiden
method. Myeloid cells were identified as CD45+ and CST3, and further annotated as dendritic
112

(DC) by the expression of ZBTB46, Monocytes by the expression of S100A9, VCAN and
IFITM2 and Macrophages by the expression of MARCO. Monocytes were further subdivided
into CD14+ and CD16+ and Macrophages subdivided into the ones expressing FABP4.
Macrophage – Fibroblasts Co-Culture
For the indirect co-culture 12-well plates with cell culture inserts (Fisher Scientific GmbH;
#10061051) were used and 5*10^5 MDMs were plated (generated as described in the section
"In vitro activation of human macrophages") directly in the well and 25*10^3 normal human
lung fibroblasts (NHLF) obtained from LONZA were plated into the insert. The co-culture was
stimulated for 24h.
RNA isolation for bulk RNAseq
RNA was isolated isolation using MagMax (biosystems #AM1830) following the manufactures
procedure. Final elution 50uL. 22 groups x 6 donors (n=132 in total)
RNA Quality Control
Total RNA was quantitatively and qualitatively assessed using the fluorescence-based Broad
Range Quant-iT RNA Assay Kit (ThermoFisher) and the Standard Sensitivity RNA Analysis
DNF-471 Kit on a 48-channel Fragment Analyzer (Agilent), respectively.
Transcriptome profiling with total RNA sequencing
18 mouse macrophages, as well as 132 human macrophages and fibroblast co-culturederived RNA samples were normalized on the MicroLab STAR automated liquid platform
(Hamilton). At total RNA input of 250ng was used for library construction with the NEBNext
Ultra II Directional RNA Library Prep Kit for Illumina #E7760, together with the NEBNext Poly(A)
mRNA Magnetic Isolation Module #E7490 upstream and the NEXNext Multiplex Oligos for
Illumina #E7600 downstream (all New England Biolabs). The only deviation from the
manufacturer’s protocol was the use of Ampure XP beads (Beckman Coulter) for doublestranded cDNA purification, instead of the recommended SPRIselect Beads. Final sequencing
libraries were quantified by the High Sensitivity dsDNA Quanti-iT Assay Kit (ThermoFisher) on
a Synergy HTX (BioTek). mRNA libraries were also assessed for size distribution and adapter
dimer presence (<0.5%) by the High Sensitivity Small Fragment DNF-477 Kit on a 48-channel
Fragment Analyzer (Agilent). All sequencing libraries were then normalized on the MicroLab
STAR (Hamilton), pooled and spiked in with PhiX Control v3 (Illumina). The library pool was
subsequently clustered on an S2 Flow Cell and sequenced on a NovaSeq 6000 Sequencing
System (Illumina) with dual index, paired-end reads at 2 x 50 bp length (Read parameters:
Rd1: 51, Rd2: 8, Rd3: 8, Rd4: 51), reaching an average depth of 22 million Pass-Filter reads
per sample (10% CV).
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RNA-seq data analysis
Demultiplexing

was

performed

using

bcl2fastq

v2.20.0.422

from

Illumina

(https://emea.support.illumina.com/downloads/bcl2fastq-conversion-software-v2-20.html).
Sequencing reads from the RNA-seq experiment were processed with a pipeline building upon
the implementation of the ENCODE “Long RNA-seq” pipeline (also described in (67)): filtered
reads were mapped against the Homo sapiens (human) genome hg38/GRCh38 (primary
assembly,

excluding

alternate

contigs)

or

the

Mus

musculus

(mouse)

genome

mm10/GRCm38, respectively, using the STAR (v2.5.2b) aligner (68) allowing for soft clipping
of adapter sequences.
For quantification, we used transcript annotation files from Ensembl version 86, which
corresponds to GENCODE 25 for human and GENCODE M11 for mouse. Gene expression
levels were quantified with the above annotations, using RSEM (v1.3.0) (69) and
featureCounts (v1.5.1) (70). Quality controls were implemented using FastQC (v0.11.5)
[ Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput Sequence Data
[Online]. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ ],
picardmetrics

(v0.2.4)

[

Slowikowski

K.

(2016):

Available

online

at:

https://github.com/slowkow/picardmetrics ] and dupRadar (v1.0.0) (71) at the respective steps.
Finally, differential expression analysis was performed on the mapped counts derived from
featureCount using limma/voom (72), including the Donor information in the model. If not
otherwise stated, we used an absolute log2 fold change cut-off of 1 and a false discovery rate
(FDR) of <0.01.
Pathway analysis was performed with Qiagen Ingenuity Pathway Analysis IPA [ QIAGEN Inc.,
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis , (73).
Statistical analysis
GraphPad Prism software was used to determine statistical significance (P <0.05) by
Student’s t test for comparisons between two groups and one way ANOVA with Tukey
correction comparisons of multiple groups. All data are shown as mean and standard error of
mean (SEM). The reproducibility was determined by either using several biological replicates
and/or by repeating the experiment independently several times as indicated in the figure
legends.

114

5.3.5 Discussion
We used the nintedanib, indicated for anti-fibrotic activity in human interstitial lung
diseases, which can be reproduced in part in mouse models (12, 14) to uncover pro-fibrotic
and homeostatic human and mouse macrophage phenotypes and to illustrate that
macrophages can be targeted to attenuate fibrosis. Mechanistically, we connected the antifibrotic activity of nintedanib to CSFR1 inhibition and increasing IL-4/IL-13 signaling dependent
homeostatic macrophage phenotypes. Our data thus challenge the long-standing paradigm of
blocking IL-4/IL-13 signaling to attenuate fibrosis. Instead, “re-educating” macrophages
towards enhanced expression of IL4/IL13 homeostatic phenotypes has therapeutic potential
to attenuate fibrosis and promote physiological repair in fibrotic conditions that are not
dominated by type 2 immunity.
Nintedanib did not grossly ablate or modulate lung macrophage populations, but
instead targeted specific populations in the bleomycin model: (i) it promoted emergence and
expansion of interstitial macrophage populations with low expression of MCHII genes, recently
shown to be critical for attenuation of fibrosis in the same model (4); (ii) in addition, nintedanib
reduced CD14 monocyte populations and expression of CCR2 and CX3CR1, previously
reported to promote fibrosis in the bleomycin model (27). Nintedanib increased expression of
signature IL-4/IL-13 induced genes in vivo that are documented constituents of a functional
tissue repair/homeostatic phenotype (Ear2, Chil3, Fizz1, Arg1) in macrophages (31, 41).
Nintedanib also promoted expression of these genes in IL-4/IL-13 exposed BMDMs in the
context of anti-inflammatory (33), anti-fibrotic (35) and homeostatic (34) IL-10. Consistent with
a recent report, nintedanib also augmented expression of physiological macrophage repair
phenotypes in the context of apoptotic cells (31) while also inducing expression of LXR
pathway genes important for macrophage homeostatic phenotypes and the removal of
apoptotic cells in vitro and in vivo (37). In keeping with observations in bleomycin fibrosis and
patients with IPF where IL-4 and IL-13 are co-expressed with injury cytokines, such as TNF
(47–50) our data provide evidence that human and mouse pro-fibrotic macrophage
phenotypes are shaped in response to temporal and spatial co-existence of homeostatic (IL4/IL-13) and injury (TNF and potentially other pro-inflammatory cytokines) signals. Nintedanib
appeared to be anti-fibrotic through augmenting IL-4/IL-13 signaling in macrophages in those
conditions. These discoveries are at odds with reports of IL-4/IL-13 signaling being
indiscriminately pro-fibrotic (43) and that by consequence anti-fibrotic therapies directed at
macrophages must attenuate, reduce or even antagonize (by reprogramming IL-4/IL-13
phenotypes into pro-inflammatory macrophages), IL-4/IL-13 mediated macrophage activation
(74). This notion mostly originates from experiments in type 2 immunity-biased animal models,
in which IL-4/IL-13 signaling is necessary and sufficient to promote fibrosis (40). Our study
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shows that in non-type 2 immunity dominated injury models and human disease, the cytokines
IL-4 and IL-13 and macrophage phenotypes downstream of IL-4/IL-13 signaling cannot be
indiscriminately assigned a pro-fibrotic function. Instead, IL-4/IL-13 signaling engenders
macrophages with a protective homeostatic function, even in the face of key antagonizing
signals, such as TNF. In line with this reasoning are recent reports that demonstrate a
protective role for IL-4 in the bleomycin model (75–77) and clinical trials in patients with IPF,
that have demonstrated ineffectiveness of antagonizing IL-13 (44). The observation that the
IL-4/IL-13 in vitro generated gene signature could be mapped onto RNAseq profiles of alveolar
macrophages in naïve mice, provides further evidence that IL-4/IL-13 signaling can promote
homeostatic phenotypes in tissue macrophages. Together, augmenting IL-4/IL-13 signaling in
tissue macrophages could trigger a homeostatic event that can be exploited for the design of
anti-fibrotic therapies.
Similar to our findings, previous data from studies in glioma have described that small
molecule blockade of the CSF1R did not ablate macrophages but instead re-educated
macrophage phenotypes within the tumor microenvironment (9, 10). Nintedanib targets at
least 34 tyrosine kinases with low molecular activity (78) including the CSF1R (16). In the
cancer context with glioma, alternative activation of macrophages was reduced (9).
Interestingly, in our study, alternative macrophage phenotypes were enhanced by nintedanib,
which may reflect the different cytokine milieus in the lung versus brain, respectively, or indeed
the nature of the inflammatory insult (fibrosis induction versus malignancy). Further work will
be necessary to tease apart such differences. Nevertheless, our study and the work of Joyce
and colleagues provide evidence that the long-sought after goal of macrophage “re-education”
can be accomplished by pharmacological perturbation of the CSF1R. Further, consistent with
nintedanib inhibiting CSF1R, we show that nintedanib inhibited macrophage differentiation
(human and mouse) which we also observed with a specific inhibitor of CSF1R, GW2580 (16,
55). Identical to nintedanib, GW2580 also increased IL-4/IL-13 dependent human and mouse
macrophage phenotypes indicating nintedanib targets CSF1R signaling to enhance alternative
macrophages. Our data therefore emphasize CSF1R as a key target of nintedanib. However,
nintedanib targets many other kinases and collectively they may further modulate macrophage
phenotypes. Therefore, further genetic-based experiments where each kinase is individually
evaluated will be needed to determine which other kinases act in concert with CSFR1 to
modulate macrophage phenotypes.
To transfer the relevance of our in vitro and in vivo findings of nintedanib from the
mouse system to humans with IPF we generated gene signatures from in vitro IL-4/IL-13/TNF
exposed macrophages and mapped them onto transcriptomic signatures of pro-fibrotic
macrophage populations in human subjects with IPF (3, 5). Given the lack of transcriptomic
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data from patients with IPF that receive nintedanib, a surrogate approach was chosen to test
the hypothesis that nintedanib also promotes human homeostatic macrophages in vitro, which
showed upregulation of genes implicated in repair and resolution phenotype very similar to
what we observed in mouse macrophages. Thus, we establish that combining IL-4/IL-13 and
TNF stimulation on human macrophages in vitro reproduces human macrophage phenotypes
encountered in the human fibrotic lung and that these macrophage phenotypes can be “reeducated” by nintedanib towards a homeostatic phenotype.

Undoubtedly, a persistent unprecise understanding of what constitutes pro-fibrotic and prohomeostatic macrophage phenotypes has impeded scientific progress in the pursuit of
therapeutics that target macrophages to alleviate the burden of fibrotic disease. The
translational relevance of our findings lies in the fact that they provide a platform for the design
of improved pharmacological strategies directed at macrophage reprogramming towards
homeostatic phenotypes to alleviate the health burden of fibrotic diseases.
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Fig. 1 Single cell RNAseq of bleomycin exposed lungs in combination with nintedanib.

(A) Experimental setup for single cell RNA sequencing of the lungs of bleomycin exposed
mice for 7 and 14 days in combination with nintedanib treatment from day 1 to 7 or from day
6 to 14. (B) Myeloid compartment of single cells was collected from normal saline treated
murine lungs and after 7 and 14 days of bleomycin exposure, identified by the expression of
Cd45, Cst3 and Lyz1. (C) Clustering of macrophages. Alveolar macrophages and all other
macrophages from all conditions were clustered together using the Leiden algorithm. (D)
Distribution of clusters across baseline (normal saline treatment) and time points. Top columns,
total number of cells identified in each cluster. For each cluster, the proportion of cells (dot
size) found at each time point was computed, as well as the fold change (dot color) with
respect to random expectation with blue (values <1) meaning less cells than expected and
green meaning more cells than expected. To guarantee comparable proportions of cells the
total number of cells in each time point was scaled down to match the smallest set. (E) Three
interstitial macrophage populations present at baseline. Expression of markers used for the
characterization of Mac,3 (Ccr2), Mac,5 (Cx3cr1, MHCII-hi (H2-Aa)), Mac,9 (Cx3cr1, Lyve1,
MHCII-low). (F) Density heatmap of cell distribution across time points. In each panel, gray
coloring represents non-detected cells. The color scale represents the density of cells
estimated using a Gaussian kernel scaled from 0 to 1 with 1 being the highest density. (G)
Visualization of cell density from bleomycin exposure for 7 and 14 days in combination with
nintedanib. (H) Visualization of emerged macrophage subpopulations present in the
nintedanib treatment (colored cells). In gray all cells found at day 14.
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Fig. 2 Nintedanib modulates pro- and anti-fibrotic monocytes and macrophages in vivo.
(A,B) Ccr2, Cx3cr1 and Cd14 expression of the monocyte compartment from normal saline, 7
and 14 day post bleomycin challenge in combination with nintedanib. (A) Force atlas layout
for monocytes per condition color-indicated per gene. The scale represents the log(1 +
126

normalized gene expression). (B) Average expression of the respective gene is shown with a
confidence interval of 95%. (C) Cell number per macrophage subpopulation for 14 day post
bleomycin exposure and in combination with nintedanib. (D) Expression of Csf1r after
bleomycin exposure for 7 and 14 days and in combination with nintedanib. (E) Top 15
upregulated and downregulated genes in macrophage populations found after nintedanib
treatment and in all other macrophage and monocyte subpopulations. (F) Expression of MHCII
genes per macrophage subpopulation. The monocyte and macrophage subpopulations after
nintedanib treatment are highlighted above. (G) Expression of Arg1, Chil3 and Ear2 from the
systematic analysis of upregulated genes from bleomycin day 7 and day 14 in combination
with nintedanib.
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Figure 3
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Fig. 3 Nintedanib promotes homeostatic macrophage phenotypes in vivo.
(A) Cartoon depicting bulk-RNAseq analysis of genes from in vitro unstimulated or IL-4/IL-13
stimulated BMDMs and mapped onto in vivo generated scRNAseq data from lungs of normal
saline treated mice. (B) Expression levels (log2(tpm)) of top 20 (log fold change) up-regulated
genes are visualized as a heatmap. (C,D) 160 genes from Fig. 3A,B were mapped onto in vivo
generated scRNAseq data set of normal saline (C) or post bleomycin exposed mice for 7 and
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14 days with or without nintedanib treatment (D). Individual gene expression was scaled as a
z-score and the multiple z-scores corresponding to the signatures were combined using
Stouffer's method. Cells with a combined z-score of 2.5 or higher are shown in the density
maps. (E) Retnla, Chil3, Ear2 and Arg1 mRNA expression in BMDMs (n=6-8 mice) in Figure
vitro 4
stimulated with IL-4/IL-13 or the combination of IL-4/IL-13 with nintedanib (100nM)
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Fig. 4 Nintedanib enhances homeostatic macrophage phenotype in vitro.
Relative mRNA amounts of Retnla, Chil3, Ear2 and Arg1 in BMDMs stimulated with IL-4/IL13 with and without IL-10 and with IL-4/IL-13/IL-10 alone and in combination with nintedanib
(100nM) (depicted are mean values ± SEM of technical triplicates from one representative of
three experiments). (B) IL4ra mRNA expression in BMDMs (n=6-8 mice) in vitro stimulated
with IL-4/IL-13 or the combination of IL-4/IL-13 with nintedanib (100nM). (C-D) Immunoblot
showing pSTAT6 amounts (C) and mRNA expression of Socs1 (D) in BMDMs after 30 min IL4/IL-13 or IL-4/IL-13 in combination with nintedanib (200 nM) exposure. Samples were
collected at the time points indicated which represents the times after removal of IL-4/IL-13 or
the combination of IL-4/IL-13 with nintedanib (depicted is one representative of two
experiments). (E) Cartoon of increased IL-4/IL-13 response by nintedanib exposure though
STAT6 phosphorylation and Socs1 expression. (F) Relative mRNA amounts in BMDMs of
Retnla, Chil3, Ear2, Arg1 and Mertk, Nr1h3, Abca1, Abcg1 stimulated with IL-4/IL-13 alone
and in combination with 100 nM and 200 nM nintedanib with and without apoptotic cells (MC38
cells) (depicted are mean values ± SEM of technical triplicates from one representative of
three experiments).
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Fig. 5 Nintedanib enhances IL-4/IL-13 induced human macrophage phenotypes.
IL4R expression in MDMs left unstimulated (-), or exposed to nintedanib at 100 nM and 200
nM alone or in combination with IL-4/IL-13 (depicted are mean values ± SEM of technical
triplicates from one representative of three to four experiments). (B, C) Relative mRNA
expression of SOCS1 (B) and immunoblot showing pSTAT6 amounts in MDMs after 30 min
IL-4/IL-13 or IL-4/IL-13 in combination with nintedanib (200 nM) exposure. Samples were
collected at the time points indicated which represents the times after removal of IL-4/IL-13 or
the combination of IL-4/IL-13 with nintedanib (depicted is one representative of four
experiments). (D) CCL18 mRNA expression and protein release in MDMs (n=6-8 Donors) in
vitro stimulated with IL-4/IL-13 or the combination of IL-4/IL-13 with nintedanib (100nM). (E)
Relative mRNA amounts in PPARG, SOCS1, SOCS2 after IL-4/IL-13 stimulation or the
combination of IL-4/IL-13 with nintedanib (100nM). (F) Relative mRNA amounts of CCL18,
ABCA1 and ABCG1 in MDMs stimulated with IL-4/IL-13 alone and in combination with 100
nM and 200 nM nintedanib with and without apoptotic cells (HCT cells) (depicted are mean
values ± SEM of technical triplicates from one representative of three experiments).
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Figure 6
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Fig. 6 Pro-fibrotic macrophage signatures.
(A) Cartoon representing bulk-RNAseq analysis of the gene signatures from in vitro IL-4/IL-13
or IL-4/IL-13/TNF stimulated BMDMs representing genes induced with IL-4/IL-13 and
suppressed with TNF (component 1) or genes induced with IL-4/IL-13 and further induced with
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TNF (component 2) mapped onto the in vivo generated scRNAseq data set from 7 and 14
days post bleomycin exposure in combination with nintedanib (B). Top 15 differentially
regulated genes of component 1 and 2 are visualized as a heatmap (top15(log2(tpm)). (C)
Genes with a fold change of at least 2 and with an adjusted p-value < 0.01 for signature 1
(1005 genes) and 2 (865 genes) from Fig. 6A,B were mapped onto in vivo generated
scRNAseq data set from bleomycin exposure for 7 and 14 days. Individual gene expression
was scaled as a z-score and the multiple z-scores corresponding to the signatures were
combined using Stouffer's method. Cells with a combined z-score of 2.5 or higher are shown
in the density maps. (D-E) As in Fig. 6C, component 1 and 2 (Fig. 6A,B) were mapped onto in
vivo generated scRNAseq data set from 7 (D) and 14 (E) day from bleomycin exposed mice
in combination with nintedanib treatment. (F-H) Arg1, Retnla (F), Chil3 and Ear2 (G), Socs1
(H), mRNA expression in BMDMs after stimulation with IL-4/IL-13/TNF alone and in
combination with nintedanib (100 nM)(n=6-8). Depicted are mean values ± SEM.
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Fig. 7 Human pro-fibrotic macrophage signature.
(A-B) Cartoon depicting bulk-RNAseq analysis from in vitro unstimulated or IL-4/IL-13/TNF
stimulated MDM single-culture and MDM-fibroblast co-cultures (B) Heatmap of top 20 IL-4/IL13/TNF upregulated genes compared to untreated control from MDM single-culture and MDM-
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fibroblast co-culture. Genes were pre-filtered by adj.p.val(SiCu)<0.05, Log Ratio(SiCu)>0.5,
log2(tpm_median(Healthy_M-CSF_IL-4_IL-13_TNFa_SiCu_MDM))>3. (C) 1073 (co-culture)
and 985 (single-culture) (with a fold change of at least 2 and with an adjusted p-value < 0.01)
upregulated genes from Fig. 7A,B were mapped onto in vivo scRNAseq data from IPF lungs
from (3, 5). Dot plot of 30 top upregulated genes of the in vivo *subpopulations. (D) Cartoon
representing MDMs in single culture or in co-culture with fibroblasts stimulated with IL-4/IL13/TNF alone or in combination with nintedanib. (E) Heatmap of log fold change of the top 15
nintedanib-upregulated (left subplot) or -downregulated (right subplot) genes from the bulkRNAseq data of MDMs generated as shown in Fig 7D. (F) Expression levels of CCL18
detected in bulk RNAseq data obtained from setup shown in Fig. 7D,E. and mRNA expression
of CCL18 of MDMs stimulated with IL-4/IL-13/TNF alone or in combination with nintedanib
(100 nM) (n=6). Depicted are mean values ± SEM.
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Fig. 8 Nintednib targets the CSF1R.
(A) Percentage of cellular confluence over time (1,3,5,6.5 day) during BMDM differentiation
with either M-CSF, M-CSF/nintedanib or GW2580. Percentage of the confluence of MDMs
after 7 days differentiation with either M-CSF, M-CSF/nintedanib or GW2580. (B) RNA
expression of Il4ra in BMDMs stimulated with IL-4/IL-13 alone or in combination with GW2580
(100 nM and 200 nM) (depicted are mean values ± SEM of technical triplicates from one
representative of three experiments). (C) Retnla, Chil3, Ear2 and Arg1 mRNA expression in
bone marrow derived macrophages (BMDM) in vitro stimulated with IL-4/IL-13 or the
combination of IL-4/IL-13 with GW2580 (100 nM and 200 nM) (depicted are mean values ±
SEM of technical triplicates from one representative of three to four experiments). (D) Relative
mRNA of Retnla, Chil3, Ear2 and Arg1 of BMDMs stimulated with IL-4/IL-13/IL-10 alone and
in combination with GW2580 (200 nM or 500 nM) (depicted are mean values ± SEM of
technical triplicates from one representative of three experiments). (E,F) Relative mRNA
amounts in BMDMs of Retnla, Chil3, Ear2, Arg1 (E) and Mertk, Nr1h3, Abca1, Abcg1 (F)
stimulated with IL-4/IL-13 alone and in combination with 200 nM and 500 nM GW2580 with
and without apoptotic cells (MC38 cells) (depicted are mean values ± SEM of technical
triplicates from one representative of three experiments). (G) CCL18 mRNA expression in
MDM in vitro stimulated with IL-4/IL-13 or the combination of IL-4/IL-13 with GW2580 (depicted
are mean values ± SEM of technical triplicates from one representative of three experiments).
(H) Relative mRNA amounts of ABCA1, ABCG1 and CCL18 in MDMs stimulated with IL-4/IL13 alone and in combination with 200 nM GW2580 with and without apoptotic cells (HCT cells)
(depicted are mean values ± SEM of technical triplicates from one representative of three
experiments).
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SupplFigure 1

5.3.1 Supplementary figures
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Fig. S1 Nintedanib modulates macrophage populations in vivo.
(A) Expression of literature curated markers for alveolar macrophages (AM) and interstitial
macrophages (IM). Top: total cell counts per subpopulation. Brackets on the left of the figure
group AM and IM markers. Dashed red line separates AM and IM subpopulations. Bottom:
labels of macrophage subpopulations. (B) Scoring of cells based on AM and IM markers. For
each cell, mean value of expression z-scores of AM (left panel) or IM (right panel) marker
gene is computed and represented in color code. (C) Categorization of scores into populations.
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All subpopulations having a mean ‘AM makers’ z-score >= 0.4 are classified as AM. Similar,
for IM markers. Subpopulations that are neither labeled as AM nor IM are labelled as AM-IM.
(D) Macrophage numbers in lungs of mice treated with normal saline or 7 and 14 days post
bleomycin challenge in combination with nintedanib. (E) Cells were classified as MHCIIhigh or
MHCIIlow based on normalized score of MHCII genes. Bar plot shows the fraction of cells in
each category.(F) Fold change of CD74, H2-Eb1, H2-DMa, H2-Aa, H2-Ab1 in BMDMs
stimulated with GMCSF or GMCSF/nintedanib for 24 h (depicted mean ± SEM of technical
triplicates from one representative of two experiments). *p<0.05 GM-CSF/nintedanib vs. GMCSF by t test. (G) Ingenuity Pathway Analysis (IPA) indicating top differentially expressed
pathways of the scRNAseq data induced by nintedanib. (H) Il4ra expression levels of each
subpopulation of either 14 day-bleomycin exposure alone or in combination with nintedanib.
(I) Top 10 upregulated transcription factors after nintedanib treatment.

Fig. S2 Nintedanib increases expression of repair genes.
(A) Chil3, Arg1, Ear2 and Retnla expression levels of each subpopulation of either 14 daybleomycin exposure alone or in combination with nintedanib. (B) Expression of Mrc1 and Fn1
over time after bleomycin exposure in combination with nintedanib.
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Fig. S3 Nintedanib enhances homeostatic macrophage phenotypes.
(A) Retnla, Chil3, Ear2, Arg1 and Il4Ra mRNA expression in bone marrow derived
macrophages (BMDM) in vitro stimulated with IL-4/IL-13 or the combination of IL-4/IL-13 with
NTB (100 and 200 nM) (depicted are mean values ± SEM of technical triplicates from one
representative of three to four experiments). (B) Relative mRNA of Retnla, Chil3, Ear2 and
Arg1 of BMDMs stimulated with IL-4/IL-13/IL-10 alone and in combination with NTB (100 or
200 nM) (depicted are mean values ± SEM of technical triplicates from one representative of
two experiments). (C) Expression of Mertk of scRNAseq data from day 7 and 14 postbleomycin challenge in combination with nintedanib. (D) Mertk, Nr1h3, Abca1, Abcg1
expression of BMDMs either non-stimulated (-), or stimulated with NTB (100 nM) or IL-4/IL-13
alone or in combination with NTB (100 and 200 nM) (n=3-8). (E) Efferocytotic activity of
BMDMs untreated alone or in combination with NTB (100 nM) (depicted is one representative
experiment out of three experiments). (F) CCL18 mRNA expression and protein release in
human monocyte derived macrophages (MDM) in vitro stimulated with IL-4/IL-13 or the
combination of IL-4/IL-13 with nintedanib (100 and 200 nM) (depicted are mean values ± SEM
of technical triplicates from one representative of three experiments). (G,H) mRNA expression
of MERTK, NR1H3, ABCA1, ABCG1 of MDMs either non-stimulated (-), or stimulated with
NTB (100 nM) (G) or IL-4/IL-13 alone or in combination with NTB (100 and 200 nM) (n=38)(H).
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Fig. S4 TNF modulates expression of IL-4/IL-13 induced genes.
(A-E) Arg1, Retnla (A), Chil3 and Ear2 (B),Socs1 (C) mRNA expression in BMDMs after
stimulation with IL-4/IL13 alone and in combination with TNFa (n=6-8). (B) Mertk, Nr1h3,
Abca1, Abcg1 mRNA expression in BMDMs after stimulation with IL-4/IL13 alone and in
combination with TNFa (n=6-8).
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Fig. S5 Nintedanib modulates the IL-4/IL-13/TNF phenotype.
(A) Principal Component Analysis (PCA) of RNAseq data obtained from MDMs in single and
co-culture (with normal human lung fibroblasts) left untreated or treated with IL-4/IL-13/TNF,
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IL-4/IL-13/TNF+NTB, NTB. The PCA depicts separation of samples that have been treated
with IL-4/IL-13 and those that have not and, depicts separation according to NTB treatment
and visualizes proyimity between single and co-culture. (B) Ingenuity Pathway Analysis (IPA)
indicating differentially expressed pathways. (C) LXR pathway as obtained from IPA,
overlayed with de-regulation IL-4/IL-13/TNF+NTB vs. IL-4/IL-13/TNF (red: up-regulated, blue:
down-regulated genes). (D) Transcript amounts of NR1H3, ABCA1 and ABCG1 detected in
bulk RNAseq data obtained from setup shown in Fig. 7D. (E) mRNA expression of IL4RA,
NR1H3, ABCA1 and ABCG1 of MDMs stimulated with IL-4/IL-13/TNF alone or in combination
with NTB (100 nM) (n=6).
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Fig. S6 Kinases inhibited by NTB expressed in macrophages.
(A) Kinase inhibitor profile for nintedanib (78). (B) 7 highest expressed kinases (LYN, SIK2,
STK24, CSF1R, FYN, ABL1, TGFBR1) in the human scRNAseq dataset (3) from the 34
kinases inhibited by nintednabib (Fig. S6A). (C) Csf1r, Lyn, Tgfbr1, Stk24, Fyn, Flt3 are the
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only kinases from Fig. S6A expressed in the scRNAseq data from day 7 and 14 post-
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Fig. S7 GW2580 enhances homeostatic macrophage phenotype.
(A) Mertk and Abcg1 expression in BMDMs either non-stimulated (-), or stimulated with
GW2580 (250 nM) and Mertk Nr1h3, Abca1, Abcg1 expression in BMDMs stimulated with IL4/IL-13 alone or in combination with GW2580 (100 and 200 nM) (n=3-8). (B) Relative mRNA
amounts in MDMs of PPARG and SOCS1 after stimulation IL-4/IL-13 or the combination of IL4/IL-13 with GW2580 (100 or 200 nM)(depicted are mean values ± SEM of technical triplicates
from one representative of three to experiments). (C) Westen blot showing pSTAT6 amounts
in MDMs after 30 min IL4/IL13 or IL-4/IL-13 in combination with GW2580 (200 nM) exposure.
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Samples were collected at the time points indicated which represents the times after removal
of IL-4/IL-13 or the combination of IL-4/IL-13 with GW2580 (depicted is one representative of
two experiments). (D) relative mRNA expression of SOCS1 in samples generated analogous
to the western blot samples (depicted is one representative of two experiments) (C). (E) IL4RA
expression in MDMs unstimulated (-), stimulated with GW2580 100 and 200 nM or in
combination with IL-4/IL-13. (depicted are mean values ± SEM of technical triplicates from one
representative of three to four experiments). (F) MERTK expression in MDMs unstimulated (-)
or stimulated with GW2580 100 (depicted are mean values ± SEM of technical triplicates from
one representative of three experiments). (G) mRNA expression of MERTK, NR1H3, ABCA1
of MDMS stimulated with GW2580 (100 nM) or IL-4/IL-13 alone or in combination with
GW2580 (100 and 200 nM) (n=3-8).
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Conclusion and Discussion

In this thesis, novel mechanisms were discovered through which macrophages contribute to
pro-inflammatory and pro-fibrotic tissue responses in the lung.
One aim of this study focused on pro-inflammatory macrophage phenotypes in acute lung
injury and uncovered previously unrecognized cytokine cross-talk pathways between proinflammatory macrophages, fibroblasts and epithelial cells in the lung. Specifically, the IL-1
family cytokine IL-36 was identified as a critical upstream amplifier of neutrophilic lung
inflammation in mice and humans. Using a combination of in vitro and in vivo approaches with
mouse and human cells, experimental evidence for an important role of IL-36 in microbial
exacerbation in COPD was generated. A major finding of these studies was that lung
neutrophils are both a cellular source and a target of IL-36. Furthermore, lung epithelium
injured by virus or a viral mimetic (poly (I:C)) released the pro-inflammatory cytokine GM-CSF.
Next it was shown that GM-SCF increased the responsiveness of macrophages and
fibroblasts to IL-36 by increasing the expression of the IL-36 receptor. This cross-talk between
neutrophil-derived IL-36 and epithelial cell-derived GM-CSF resulted in IL-36 production by
macrophages and fibroblasts. As a result, alveolar and interstitial macrophages (as well as
fibroblasts) were activated towards a pro-inflammatory phenotype and generated IL-1, CXCL1,
GM-CSF, MMPs (Fig. 10 in Section 5.1.10 Figures). Importantly, in a mechanistic mouse
model of COPD and viral exacerbation, mice with genetic deficiency in the IL-36 receptor had
attenuated lung inflammation and injury upon exposure to cigarette smoke and influenza virus.
To further pinpoint the importance of IL-36 in viral exacerbations, it was shown that IL-36
cooperated with poly (I:C) to further enhance pro-inflammatory responses and expression of
IL-36, CXCL1, IL-1 and GMCSF in lung macrophages and fibroblasts. In general, the data
generated in these studies provide a major advance in the understanding of the mechanistic
role of IL-36 within the cellular cross-talk between epithelium, fibroblasts and macrophages in
neutrophilic lung inflammation associated with microbial exacerbation as it might be the case
in such diseases as COPD and asthma. Importantly, this study also showed that blockade of
IL-36 retained a portion of the IL-1-mediated innate immune response, which is important for
maintaining the ability to fight infections while mainly abrogating the acute inflammatory and
tissue-destructive effects of IL-36.
Previously, a pro-inflammatory role for IL-36 in combination with neutrophils was shown in
mouse models of skin inflammation and demonstrated in human skin diseases, particularly
generalized pustular psoriasis (GPP)35,36. In this context, pharmacological blockade of the IL36 receptor markedly reduced diseased symptoms in patients with GPP37. However, while a
role for IL-36 in COPD had been proposed it had not been mechanistically demonstrated. In
COPD, neutrophils correlate with symptom severity and with exacerbation, which additionally
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correlates with poor prognosis and disease progression55,56. Recent reports also showed
increased GM-CSF release in pulmonary infections and the relevance of GM-CSF in
inflammatory processes of COPD57,58. There is also evidence that GM-CSF correlates with
neutrophils, as individuals treated with GM-CSF have increased neutrophil counts59. An
additional study demonstrated, that LPS exposed GMCSF knockout mice exhibit reduced
infiltration of neutrophils compared to wild-type controls60. In order to substantiate the
relevance of data obtained in the in vitro and in vivo mouse models for COPD, increased IL36 was detected in bronchoalveolar and nasal fluids from COPD patients. In addition, the
natural antagonist of IL-36 (IL36RA) was reduced in BAL, nasal fluid and tissue macrophages
from patients with COPD prompting the hypothesis that in certain COPD patients the activity
of IL-36 is amplified by a reduction in IL-36RA. Consistent with this, loss of function mutations
within the IL-36RA gene (IL-36RN) are associated with the most severe forms of GPP61,
further highlighting a role for IL-36 and IL36RA disbalance in COPD.
Taken together, the data generated in this part of the thesis provide experimental evidence for
IL-36 as a major driver of lung inflammation during microbial exacerbation in COPD and
highlight CXCL1 as a promising biomarker. Therefore, these studies present a rationale for
exploring the therapeutic potential of IL-36 signaling blockade to attenuate pro-inflammatory
events in human lung disease with a significant contribution of neutrophils, such as
exacerbations in asthma and COPD.

Another aim of this thesis tested the hypothesis that macrophages can be pharmacologically
reprogrammed from a pro-fibrotic to a homeostatic/repair phenotype. This is a highly desirable
goal as macrophages have been recognized to play crucial roles in promoting repair and
resolution and are thus a prime candidate target cell at which therapeutic strategies are
directed in an attempt to attenuate or reverse fibrosis. The relevance of the current studies
lies in the fact that there is a paucity of reports about successful therapeutic macrophage
reprogramming. A chief reason for this is that pro-fibrotic and homeostatic/repair macrophage
phenotypes have not been precisely defined, characterized and differentiated, resulting in a
considerable lack of orientation as to which readouts reliably predict that a macrophage has
been successfully reprogramed towards a favorable phenotype1,15,48,62–64. Instead, the
common narrative and prevailing paradigm has been that pro-fibrotic and homeostatic/repair
macrophage phenotypes can be described and categorized in simple terms, such as M2 and
“M2-like”, respectively11. However, these definitions are arbitrary and unprecise and have
failed to be reliable proxies of macrophage function4,13,15,65. Even more, there is substantial
discord within this paradigm since many studies claim a definition for M2 as pro-fibrotic66–68,
while others claim a definition of M2 as repair19,47,69 or homeostatic15,21, and yet others resorted
to a terminology of “M2-like” in an attempt to account for the superficially blurry blending
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between repair, homeostatic and fibrotic phenotypes1,2,4,11,19,70. This narrative becomes even
more ambiguous when “M2-like” macrophages are also labelled pro-tumorigenic13,71,72. A
categorization into alphabetical subtypes of M2a, M2b, and M2c has added yet another level
of complexity rather than providing a constructive strategy to mitigate the multitude of
misinterpretations around the functions of these macrophage subtypes that often bear no
resemblance to in vivo scenarios11. As a corollary, the canonical M2 inducing cytokines IL-4
and IL-13 cannot be indiscriminately assigned a pro-fibrotic function, as is highlighted by
ample literature evidence revealing repair and antifibrotic activities of macrophages activated
by IL-4 and IL-1316–21,25,51,73,74. Undoubtedly, this unprecise and unrefined makeshift
designation of M2 and M2-like phenotypes together with the ambivalent roles of IL-4 and IL13 in repair and fibrosis, inexorably reflect a severe lack of understanding of macrophage
phenotypes, which has not only complicated but mostly impeded scientific progress in the
pursuit of macrophage reprogramming.
Thus, the primary prerequisite to test the hypothesis of this thesis was to generate and
investigate experimental systems through which macrophage phenotypes, specifically profibrotic and homeostatic/repair ones could be clearly defined, sufficiently differentiated from
each other, and linked to relevant in vivo tissue responses and disease states. This required
diverging from the above delineated nomenclature and abstaining from preconceived and
categorical notions of M2 and M2-like macrophage phenotypes as generically promoting
fibrosis. This included challenging the prevailing assumption in the literature that the approved
anti-fibrotic drug nintedanib slowed progression of lung fibrosis through attenuating and
reducing M2 macrophages75. Instead, an alternative hypothesis was developed. This
hypothesis was predicated on the documented anti-fibrotic action of nintedanib and posited
that any effect on macrophages (in vivo and in vitro) would reflect a homeostatic/repair
phenotype. Thus, one prediction was that nintedanib would promote and not reduce M2
macrophages, and that it would specifically enhance homeostatic/repair features in these
macrophages.
Based on this presupposition, in the present study nintedanib was used as a tool in an impartial
approach in which RNA sequencing was combined with in vitro and in vivo models using
human and mouse macrophages to characterize, define and differentiate pro-fibrotic from prerepair/homeostatic macrophage phenotypes. Several key findings in this thesis provide a
substantial advance in the understanding of macrophage phenotypes in fibrosis and
repair/homeostasis and highlight that pharmacological reprogramming of macrophages is
feasible.
Using the bleomycin model of lung fibrosis and single cell RNAseq analysis, it was shown that
nintedanib increased expression of signature IL-4/IL-13 induced genes, the expression of
which had previously been reported to constitute a functional tissue repair (Ear2, Chil3, Fizz1)
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and anti-fibrotic program (Arg1) in macrophages20,76. In this model, nintedanib treatment also
resulted in emergence and expansion of interstitial macrophage populations with low
expression of MCHII genes. Importantly, it was recently shown that lung interstitial
macrophage populations with low MHCII expression are critical for attenuation of fibrosis in
the bleomycin model63. Notably, in the present study, certain of the nintedanib expanded
MHCII low populations were transcriptionally similar to the ones previously described to be
anti-fibrotic63. In addition, nintedanib reduced CD14 monocyte populations and expression of
CCR2 and CX3CR1, previously reported to promote fibrosis in the bleomycin model77.
Thus, this study provides in vivo experimental evidence that nintedanib’s antifibrotic activities
extend beyond anti-proliferative effects on fibroblasts40 and include reduction of profibrotic
lung macrophages accompanied by expansion of anti-fibrotic interstitial macrophage
populations and an increase in the expression of a reported IL-4/IL-13 dependent repair
program in lung macrophages4,63,70,71,76,78,79.
These observations were in line with the prediction that nintedanib increased expression of
macrophage repair phenotypes upon IL-4/IL-13 exposure. A sequence of in vitro studies was
deployed to substantiate these observations and to demonstrate that nintedanib indeed
promoted expression of a macrophage repair phenotype in human and mouse macrophages.
First, in naïve bone marrow derived mouse macrophages (BMDMs) exposed to the reported
repair signals IL-4/IL-1321,69,71,76,80, nintedanib increased expression of previously reported
genes of a macrophage repair program (Ear2, Chil3, Fizz1)76, which matched the genes found
to be increased by nintedanib in vivo in the bleomycin model. Second, nintedanib also
promoted expression of these genes and of Arg1 in IL-4/IL-13 exposed BMDMs in the context
of IL-10. IL-10 has been demonstrated to be critical for anti-inflammation81, attenuation of
fibrosis82, maintenance of tissue homeostasis83 and to augment IL-4/IL-13 mediated
macrophage activation1. Moreover, increased expression of Arg1 in macrophages has been
show to attenuate tissue fibrosis20. Finally, nintedanib also augmented expression of a repair
macrophage phenotype in the context of apoptotic cells. The implication is that macrophage
repair function has been shown to require the combination of IL-4/IL-13 with apoptotic cells76.
Importantly, nintedanib also increased expression of pathways that promote the removal of
apoptotic cells and increased the ability of human macrophages to remove dying cells in vitro.
Together, these findings are consistent with the ability of nintedanib to reprogram
macrophages towards a repair phenotype.
These findings contrast the prevailing claim that IL-4/IL-13 signaling chiefly promotes profibrotic macrophages16,50; however, this claim stems from rather biased animal models with
heavy or exclusive dependence on TH2 biology, in which IL-4/IL-13 signaling can be profibrotic19,50,84. In contrast, the bleomycin model is not dependent on TH2 biology23,24, and thus
IL-4/IL-13 signaling might fulfill protective homeostatic and repair roles in this model. In line
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with this reasoning are recent reports that indeed demonstrate a protective role for IL-4 in the
bleomycin model23,24,85. Moreover, clinical trials in patients with IPF, which is also not a TH2
pathology, have demonstrated ineffectiveness of IL-13 signaling blockade86. Taken together,
these data challenge the concept that IL-4/IL-13 (M2) phenotypes are always pro-fibrotic and
highlight the importance of differentiating the disease context, specifically TH2 versus non TH2
biology. Importantly, the findings in this thesis provide a rationale for an alternative paradigm
in non TH2 contexts. In this paradigm, IL-4/IL-13 activated macrophages are important for
tissue homeostasis, physiological repair and regeneration; moreover, this thesis provides
sound experimental evidence that these physiological repair/homeostatic phenotypes can be
pharmacologically enhanced; finally the data imply that nintedanib exerts its antifibrotic effects
by specifically enhancing the IL-4/IL-13-induced macrophage repair/homeostatic phenotypes.
Prompted by these paradigm challenging observations, a critical sequence of additional
experiments was devised to substantiate this hypothesis. In vitro RNAseq approaches were
used to generate gene signatures which were then projected onto in vivo RNAseq data from
the bleomycin model to interrogate IL-4/IL-13 dependent macrophage phenotypes in more
detail. This methodology demonstrated that an IL-4/IL-13 in vitro generated gene signature
could be mapped onto RNAseq profiles of alveolar macrophages in naïve mice, providing
evidence that is consistent with a proposed role for IL-4/IL-13 in promoting a homeostatic
phenotype rather than a pro-fibrotic phenotype87. Moreover, this putative IL-4/IL-13
repair/homeostatic signature was subsequently projected on the bleomycin RNAseq data and
revealed two important findings: first, during the course of bleomycin induced fibrosis, lung
macrophages expressed a IL-4/IL-13 signature early (day 7) and late (day 14), indicating that
repair/homeostatic signals accompany both early tissue injury and established fibrosis. These
findings are consistent with data reported by others in skin injury models and support the
hypothesis that the pathogenesis of fibrosis involves the temporal and spatial coexistence of
repair and injury pathways53. Second, nintedanib promoted expression of this putative IL-4/IL13 repair/homeostatic signature in distinct lung macrophage populations in the bleomycin mice,
consistent with the hypothesis that nintedanib enhances macrophage homeostatic and repair
phenotypes as one of its antifibrotic mechanisms. This is in keeping with results from the
healthy heart were IL-4/IL-13 phenotypes are present in macrophages during homeostasis
and increase during the repair process87. Together, these findings additionally challenge the
claim that IL-4/IL-13 signals drive pro-fibrotic macrophage phenotypes especially in conditions
that are not strictly TH2 dependent.
Therefore, it was reasoned that signals in addition to IL-4/IL-13 in the microenvironment likely
contributed to the development of a pro-fibrotic macrophage phenotype in the bleomycin
model. One clue was that in the current study, the IL-4/IL-13 repair/homeostatic signature
emerged in the presence of injury (based on the observation of 7-day and 14-day bleomycin
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model single cell RNAseq indicating the presence of pro-inflammatory transcripts).
Macrophage populations that expressed repair genes also expressed pro-inflammatory genes.
Intriguingly, patients with inflammatory bowel disease that respond to anti-TNF therapy exhibit
increased numbers of repair phenotype macrophages88. Moreover, a recent study had shown
that the pro-inflammatory cytokine TNF interferes with IL-4/IL-13 mediated macrophage
activation71.
Therefore, a hypothesis was tested that posited that inflammatory cytokines would constitute
microenvironmental signals that interfered with the IL-4/IL-13 macrophage phenotype from
homeostatic/repair towards pro-fibrotic.
To test this hypothesis, in vitro RNAseq approaches were used to generate a putative profibrotic signature by exposing macrophages to IL-4/IL-13 and TNF. Intriguingly, this signature
could be projected onto the transcriptome of distinct interstitial macrophage populations in the
bleomycin model at the time of fibrosis. Moreover, similarly a IL-4/IL-13/TNF signature
generated using human MDMs could also be projected onto the transcriptome of specific
interstitial lung macrophage populations detected in two independent recently published single
cell RNAseq data sets from patients with IPF89,90. Importantly, these populations expressed
genes previously associated with lung fibrosis, such as SPP1 (Osteopontin)89.
Therefore, this strategy provides experimental evidence that pro-fibrotic macrophages emerge
as a consequence of exposure to repair signals and pro-inflammatory signals.
This hypothesis is further supported by the reported co-expression of repair and injury signals
in the lungs of patients with IPF such as IL-4, IL-13 and TNF91–94 and the observed coexpression of injury and repair genes in macrophages in the present study in the bleomycin
model at the fibrotic time point.
Therefore, an attractive hypothesis is that fibrosis can be attenuated or potentially even
reversed if macrophages can be reprogrammed towards enhanced physiological homeostatic
phenotypes in the face of continuous injury.
In the present study, the populations onto which the in vitro generated pro-fibrotic signature
could be mapped were reduced upon nintedanib treatment. Thus, nintedanib appears to be a
pharmacological modality through which macrophage reprogramming can be achieved in
fibrosis. Support for this hypothesis was obtained in this thesis work by observing that genes
that were suppressed by TNF in IL-4/IL-13 activated macrophages were canonical repair
genes and these genes were increased in the presence of nintedanib. Thus, there is ample
evidence that nintedanib has a direct effect on macrophages and can reprogram macrophages
in vivo and in vitro from a pro-fibrotic to a homeostatic phenotype.
What is the mode of action through which nintedanib could exert this effect on macrophages?
Nintedanib is a broad kinase inhibitor, targeting at least 34 tyrosine kinases with low molecular
activity43,95. One of these kinases that is abundantly expressed in macrophages is the CSF1R,
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which nintedanib inhibits with very low nM concentrations (5nM IC50). Given the recent reports
that inhibition of CSF1R can have antifibrotic effects96, the hypothesis was tested that inhibition
of CSF1R promoted the observed enhancement IL-4/IL-13 phenotype in macrophages.
Consistent with its inhibitory function on CSF1R, nintedanib inhibited macrophage
differentiation (human and mouse) similarly to GW2580 (CSF1R-inhibitor). These findings also
are consistent with the reduction in monocyte numbers observed with nintedanib in the
bleomycin model. This effect on monocytes was also reported by others using CSF1R
blockers in other animal models97. Importantly, the in vitro studies with GW2580 revealed
identical effects on IL-4/IL-13 activated macrophages in terms of enhancing repair phenotypes
in the context of IL-10 and apoptotic cells, as was observed with nintedanib. Thus, these
studies suggest that a large part of the effect of nintedanib on macrophage phenotypes is
mediated by inhibition of CSF1R signaling. Tyrosine kinase inhibitors can also inhibit JAK
tyrosine kinases43,95, which are important in macrophage activation downstream of cytokine
signals98. The findings in the present study showed that nintedanib accelerated decay o
STAT6 phosphorylation which is directly downstream of IL-4R and JAK signaling99, ruling out
inhibitory activity on JAK signaling. Moreover, the findings that nintedanib enhanced the IL-10
effects on macrophages also rules out inhibition of JAK1-398.
One limitation of the present study is that the murine model is the possibility of divergent
biology to humans and the fact that the bleomycin model is largely self-resolving. However,
this latter point raises the possibility that the observed effects of nintedanib could contribute to
promoting resolution in patients. To transfer the relevance of our in vitro and in vivo findings
of nintedanib from the mouse system to humans with IPF we provided proof of concept that
gene signatures from in vitro generated IL-4/IL-13/TNF exposed macrophages map onto
transcriptomic signatures of pro-fibrotic macrophage populations identified in human subjects
with IPF. Given the lack of transcriptomic data from patients with IPF that receive nintedanib,
a surrogate approach was chosen to test the hypothesis that nintedanib also reprograms
human macrophages, which showed upregulation of genes implicated in repair and resolution.

In essence, this research demonstrates the utility and feasibility of integrating in vivo and in
vitro approaches across the human and murine species to interrogate, define and characterize
macrophage phenotypes in disease. This investigation shows that human and mouse
macrophages can be pharmacologically reprogrammed in vitro and in vivo. This thesis work
also challenges the long-standing claim that IL-4/IL-13 activated macrophages are pro-fibrotic.
Instead, ample evidence was generated that allows for a paradigm shift in the way we think
about IL-4/IL-13 activated (M2) macrophages in fibrosis versus repair/homeostasis and
delivers a much more sophisticated understanding and definition of macrophage phenotypes
in response to IL-4 and IL-13. Most importantly, this work has uncovered a broader mechanism
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of action of the approved anti-fibrotic drug nintedanib which includes that of promotion of
repair/homeostatic macrophages in fibrosis.
Consequently, redirecting macrophage populations toward a reparative phenotype can be
achieved and potentially be harnessed for improving the treatment success in various fibrotic
diseases. Accordingly, this study furthers our understanding how to prevent progression and
promote resolution of fibrosis and provides a strong rationale for further refinement of kinase
inhibition strategies to target macrophage reprogramming.
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