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Interleukin-11 signaling underlies fibrosis,
parenchymal dysfunction, and chronic
inflammation of the airway
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Abstract

Interleukin (IL)-11 evolved as part of the innate immune response. In the human lung, IL-11 upregulation has been
associated with viral infections and a range of fibroinflammatory diseases, including idiopathic pulmonary fibrosis.
Transforming growth factor-beta (TGF@) and other disease factors can initiate an autocrine loop of IL-11 signaling in
pulmonary fibroblasts, which, in a largely ERK-dependent manner, triggers the translation of profibrotic proteins. Lung
epithelial cells also express the IL-11 receptor and transition into a mesenchymal-like state in response to IL-11
exposure. In mice, therapeutic targeting of IL-11 with antibodies can arrest and reverse bleomycin-induced pulmonary
fibrosis and inflammation. Intriguingly, fibroblast-specific blockade of IL-11 signaling has anti-inflammatory effects,
which suggests that lung inflammation is sustained, in part, through IL-11 activity in the stroma. Proinflammatory
fibroblasts and their interaction with the damaged epithelium may represent an important but overlooked driver of

lung disease. Initially thought of as a protective cytokine, IL-11 is now increasingly recognized as an important
determinant of lung fibrosis, inflammation, and epithelial dysfunction.

Introduction

The lung is a complex organ composed of epithelial,
stromal, vascular, and immune cells that are critical for
maintaining tissue function and repair. Healthy lungs
have a remarkable capacity to regenerate after acute
injury’. Chronic injury, on the other hand, can destroy
tissue homeostasis, resulting in unresolved tissue damage
and scarring, also known as fibrosis. Pulmonary fibrosis is
a common pathology seen in numerous airway diseases,
such as asthma, and after respiratory infections and is
central to disease pathology in interstitial lung diseases.
More recently, infections with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) have also been
associated with fibrosis. Notably, the major risk factors for
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COVID-19 overlap with those of idiopathic pulmonary
fibrosis (IPF), the most common, severe, and lethal form
of adult idiopathic interstitial pneumonia®.

IPF is a severe disease with a median survival of 3-5
years from the time of diagnosis®, and the incidence and
mortality of IPF are on the rise®. Risk factors include
increased age, smoking, viral infections, and genetic fac-
tors®. Currently, approved therapies (nintedanib and pir-
fenidone) reduce the decline in lung function and slow
disease progression. However, despite treatment, the
majority of IPF patients continue to deteriorate, and lung
transplantation remains the only life-saving cure for this
disease. The pathogenesis of pulmonary fibrosis in IPF is
usually characterized by repetitive microinjury to the
alveolar epithelium, followed by the recruitment and
proliferation of fibroblasts that differentiate into activated
myofibroblasts®. The role of inflammation in IPF is
contentious.

Myofibroblasts are contractile and apoptosis-resistant
cells that deposit excessive amounts of extracellular
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matrix (ECM) in the lung interstitium, leading to the
replacement of normal lung tissue with collagenous scar
tissue. Chronically activated epithelial cells and fibroblasts
in the diseased tissue also express a variety of cytokines
that trigger the recruitment and activation of immune
cells. These cells, in turn, secrete various profibrotic
proteins, inducing further fibroblast activation and ECM
production in a vicious cycle’.

In the past several years, much progress has been made
in uncovering the mechanisms underlying the complex
process of lung tissue repair and scarring. However, our
overall understanding of the various cytokines involved in
inflammatory and fibrotic lung diseases remains incom-
plete. Here, we summarize the current and emerging roles
of the cytokine interleukin (IL)-11 in the context of lung
diseases and pulmonary fibrosis, with a focus on its cen-
tral role in myofibroblast activation, and discuss the
therapeutic potential of targeting IL-11 in IPF and other
fibrotic lung diseases.

IL-11 is a member of the IL-6 family of cytokines
IL-11 was discovered in 1990 and first described as a
hematopoietic factor that stimulates plasmacytoma pro-
liferation and megakaryocyte formation®. The dependence
of IL-11 on the ubiquitously expressed receptor gp130°
designates IL-11 as a member of the IL-6 family of cyto-
kines. IL-6 family cytokines have been shown to bind to
gp130 alone'®™'?, although the accepted mode of signal-
ing requires the interaction of cytokines with a specific,
high-affinity receptor subunit (alpha chain) prior to
binding to gp130'. The gp130 receptor subsequently
triggers a number of different pathways, including cano-
nical JAK/STAT signaling, as well as ERK and AKT'*"°,
Loss-of-function mutations in IL-6 family cytokines or
receptors result in a diverse set of genetic disorders of
varying severity'®"'®, which suggests nonredundant and
distinct biological functions of members of this cytokine
family. In the lung, IL-11 receptor subunit alpha (IL11RA)
is highly expressed on cells such as fibroblasts, vascular
smooth muscle cells, and epithelial cells?*~**, These cell
types are central for both acute and chronic diseases of
the lung/respiratory tract. This receptor expression pat-
tern differentiates ILI1RA from the IL-6 receptor, which
is most highly expressed on immune cells, including
monocytes and tissue-resident macrophages'”.

Several studies have identified individuals and families
with homozygous or compound heterozygous loss-of-
function mutations in IL11RA. Lifelong loss of IL-11
signaling is associated with craniosynostosis, joint laxity,
scoliosis, and delayed tooth eruption®*~*’. A recent study
suggested that these IL11RA-dependent developmental
phenotypes might be less severe than originally reported,
possibly due to ascertainment bias®. Interestingly, at the
level of the general population, there appears to be no
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negative selection against predicted loss-of-function
mutations in IL11RA, indicating that such mutations are
not detrimental for replicative capacity and have not been
selected against evolutionarily”’. Mice with genetic dele-
tion of IL11RA, in addition to exhibiting female infertility,
mirror the skull and tooth phenotypes seen in humans®,
which suggests that the function of IL11RA is conserved
across species. Garbers and colleagues have confirmed
this conclusion by introducing disease-associated human
IL11RA mutations into mice, causing a craniosynostosis-
like phenotype®”.

Stromal and parenchymal IL-11 secretion is a
hallmark of infection and chronic airway disease

IL-11 appears to have evolved as part of the innate
immune response in fish, where it is highly upregulated in
various tissues in response to bacterial or viral infec-
tions®”, IL-11 is secreted by tissue-resident cells that are
not part of the immune system® and is particularly ele-
vated in moribund, nonsurviving fish after viral infec-
tion®*. This mechanism appears to be conserved in
humans, and IL-11 plays a role in viral airway disorders;
human stromal cells stimulated with respiratory syncytial
virus, rhinovirus, and parainfluenza virus type 3 secrete
high levels of IL-11. In addition, nasal secretions and
aspirations from children with upper respiratory tract
infections contain elevated IL-11 protein levels, particu-
larly in the context of bronchospasm®. Epithelial-like
human cells (alveolar A549 and 9HTE airway cells)
upregulate IL-11 in response to respiratory syncytial
virus®®. IL-11 was also shown to be elevated and plays a
proinflammatory (and perhaps profibrotic) role in the
lung following tuberculosis infection in genetically sus-
ceptible mice®”. Moreover, IL-11 inhibition reduced the
severity of tuberculosis-induced lung pathology and
inflammation by inhibiting neutrophil influx and
improved survival®*’*®, Recent data have also shown that
IL-11 is temporally upregulated in the lung epithelium
following acute Escherichia coli lung infection®®. How-
ever, neither exogenous IL-11 treatment nor IL-11 inhi-
bition in E. coli- or Streptococcus pneumoniae-infected
mice had any impact on lung injury or pneumonia out-
comes®”, which suggests that IL-11 activity does not alter
the initial immune responses and bacterial clearance in
the context of acute respiratory infections.

In chronic inflammatory airway diseases, IL-11 is
upregulated in epithelial cells in individuals with severe
asthma, and its expression correlates with disease sever-
ity*®. Th17 cytokines, which are increased in asthmatic
airways, can induce IL-11 secretion by bronchial epithelial
cells, bronchial fibroblasts, and eosinophils from asth-
matic but not healthy individuals*'~**. Additionally, an
IL11 promoter polymorphism is associated with the
development of chronic obstructive pulmonary disease
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(COPD)**. Mouse models have also shown that the
inducible expression of human IL-11 in utero in mice
interfered with lung development and resulted in alveolar
enlargement (emphysema)®’. However, genetic deletion of
IL11RA failed to ameliorate emphysema in a gpl30
mutant mouse model of emphysema®®.

These early studies showed that pulmonary stromal and
epithelial cells can be a source of IL-11 as part of their
response to pathogens. Considering that these cells also
express high levels of IL11RA, IL-11 is likely to act in an
autocrine and/or paracrine fashion in viral or inflamma-
tory airway disease. Whereas fibroblasts transform into
collagen-secreting myofibroblasts in response to IL-11
signaling®~**, epithelial cells appear to transdifferentiate
into a mesenchymal-like phenotype®’. Both mechanisms
are dependent on noncanonical ERK signaling and result
in alpha-smooth muscle actin (ACTA2) expression®’.

The expression pattern of IL-11 in human pulmonary
diseases is intriguing but does not reveal whether IL-11
upregulation is a protective or a disease-causing
mechanism. Several studies have tried to elucidate the
effects of IL-11 on the respiratory tract in vivo. Earlier
studies showed that transgenic expression of human IL-11
in mice causes inflammation and airway remodeling45’48,
but can also protect the lungs (and confer a strong mor-
tality benefit in mice) from hyperoxia-induced DNA
damage®. Administration of human IL-11 in rodents also
reduced IgG immune complex-induced acute lung injury
and pulmonary inflammation® and was beneficial after
LPS challenge®’, but in contrast, genetic deletion of
IL11RA protected against IL-13-driven airway inflamma-
tion and remodeling®>°?. In hindsight, these experiments
were confounded by the fact that species-foreign human
IL-11 was expressed in the murine system. As we are now
beginning to understand, human IL-11 triggers signaling
pathways in a dissimilar fashion to endogenous murine
IL-11 in mouse models. At high concentrations, human
IL-11 can partially activate mouse fibroblasts*’, but when
human IL-11 is administered to mice, it can also act as an
inhibitor of endogenous (pathogenic) murine IL-11 and
thus reduce the activation of detrimental signaling path-
ways®*, In addition, nonspecific inflammatory reactions
may be triggered by expressing or injecting human IL-11
into rodents. This multitude of contrary effects of human
IL-11 in the mouse makes it impossible to draw reliable
conclusions about the role of IL-11 in the lung from
earlier studies.

While IL-11 was initially implicated in pulmonary viral
and inflammatory diseases, more recent studies have
shown strong evidence that IL-11 is elevated in chronic
lung diseases that have a fibrotic component. Stromal
cells from scleroderma-associated interstitial lung disease
patients highly express IL-11°%, and IL-11 is also upre-
gulated in the lungs of IPF patients and is positively
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correlated with fibrosis and negatively correlated with
lung function®”®®, Invasive IPF fibroblasts have been
shown to secrete high levels of IL-11%’. IPF patients with
pulmonary hypertension (PH) have an even greater ele-
vation in IL-11 and IL11RA expression in the lungs, which
is associated with increased pulmonary artery remodeling
compared to that of IPF patients without PH or non-IPF
individuals®®,

IL-11-dependent ERK signaling drives
myofibroblast differentiation and promotes
cellular senescence in the lung

Myofibroblasts are the dominant source of collagen and
ECM proteins and play a central role in the development
of pulmonary fibrosis. The source of myofibroblasts in IPF
has been a point of great debate and scrutiny for many
years. Lineage tracing studies in mice have shown that
these cells can arise from multiple cellular sources,
including resident fibroblasts, pericytes, or circulating
bone marrow-derived fibrocytes, following lung
injury’>°, However, the precise mechanisms that drive
myofibroblast differentiation and how these cells remodel
the ECM and invade the parenchyma remain unclear®'. It
is possible that the process of myofibroblast differentia-
tion is mediated by a combination of converging signaling
pathways. In vitro studies of primary fibroblasts showed
that TGFB strongly induces [L11 RNA and protein
expression via canonical SMAD signaling®®. IL-11 sti-
mulation of lung fibroblasts upregulates profibrotic pro-
tein expression (ACTA2, COL1Al) and induces the
phosphorylation of ERK and, to a lesser extent, STAT3>,
IL-11 also induces the proliferation of normal and IPF-
derived lung fibroblasts via an ERK-dependent mechan-
ism®®. However, in contrast to transforming growth
factor-beta (TGEFp) stimulation, which has profound
transcriptional effects, IL-11-stimulation of primary lung
fibroblasts showed negligible differences in global RNA
expression by RNA-seq analysis, indicating that IL-11-
driven STAT3 phosphorylation may have little tran-
scriptional consequence in this context. In support of a
post-transcriptional role for IL-11 signaling in fibroblast
activation, the profibrotic activities of IL-11 can be
blocked by MEK/ERK inhibition*”. Hence, a working
model is that IL-11 drives lung fibroblast activation and
fibrotic protein expression largely via a post-
transcriptional mechanism (Fig. 1).

In addition to TGEp, several other fibrogenic factors
implicated in pulmonary fibrosis pathobiology, including
platelet derived growth factor (PDGF), fibroblast growth
factor 2 (FGF2), IL-13, oncostatin M (OSM), and endo-
thelin-1, have been shown to induce IL-11 secretion from
fibroblasts and to signal, in part, through the MEK/ERK
pathway?>>~%, IL-11 inhibition attenuates the fibrogenic
activities of these various profibrotic factors via specific



Ng et al. Experimental & Molecular Medicine (2020) 52:1871-1878

'd ~\
Extracellular  Active
space TGFB Jen
\ ° .
TGFBR
e o®
Cytoplasm ° °
pEE» ST PERRD PETAD
I
A
A
?
M\MM Enhanced Translation
Enhanced Transcription of pro-fibrotic proteins
of IL11 and other (ACTA2, COL1A1 etc.)
pro-fibrotic genes
Nucleus

Fig. 1 Autocrine IL-11 signaling underlies fibroblast activation.
TGFB stimulation of fibroblasts leads to canonical SMAD-dependent
transcriptional activation, which upregulates /L77 RNA and other
profibrotic genes. IL-11 protein is secreted and binds to its cognate
receptor (ILTTRA) in an autocrine and/or paracrine fashion. The IL-11:
ILTTRA complex then signals via the ubiquitously expressed gp130
receptor to activate ERK to enhance the translation of profibrotic
RNAs, which themselves can be elevated due to prior TGF3-SMAD
effects. IL-11, particularly at high concentrations, can also induce
STAT3 phosphorylation. However, IL-11-related STAT activation has
negligible effects on transcription in fibroblasts, and its relevance to
fibrogenesis is unclear. ACTA2: Actin alpha 2, smooth muscle; COLTAT:
collagen type | alpha 1 chain; ERK: extracellular signal-regulated kinase;
gp130: glycoprotein 130, also known as interleukin 6 signal transducer;
IL-11: interleukin 11; IL11RA: interleukin 11 receptor subunit alpha;
STAT: Signal transducer and activator of transcription; SMAD: mothers
against decapentaplegic homolog; TGF@: Transforming growth factor-
beta, TGFPR: Transforming growth factor-f3 receptor.

reductions in ERK signaling®?, suggesting that IL-11 may
act as a point of signal convergence downstream of
multiple stimuli.

A prominent pathological feature of IPF fibroblasts is
their enhanced capacity to invade the ECM®. In a recent
study that reported the transcriptomic response of inva-
sive and noninvasive fibroblasts from IPF patients, IL11
was found to be among the most upregulated genes in
invasive cells, indicating a potential role of IL-11 in reg-
ulating fibroblast invasion®”. In vitro gain- and loss-of-
function studies from our laboratory confirmed that lung
fibroblast chemotaxis and ECM invasion are both
dependent on IL-11 signaling. Furthermore, IL-11 inhi-
bition (using anti-IL-11 neutralizing antibodies) reduces
the invasive capacity of IPF-derived fibroblasts and
induces activated myofibroblasts to shift to a quiescent
state”.

Cellular senescence is a state in which cells cease to
divide and undergo phenotypic changes characterized by
the secretion of senescence-associated secretory pheno-
type (SASP) factors. The accumulation of senescent cells
and the persistence of the SASP leads to cellular dys-
function and chronic inflammation and appears to be
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important for the pathogenesis of IPF®. Fibroblasts from
patients with IPF display characteristics of senescence and
resistance to apoptosis®®. In murine models of pulmonary
fibrosis, pharmacological depletion of senescent cells
improves lung function, suggesting a role of senescent
cells in pulmonary fibrosis and IPF disease pathology®.
Whether IL-11 plays a role in promoting senescence
pathways in IPF has not been directly demonstrated.
However, a study in 2003 showed that IL-11 inhibited
Fas-induced apoptosis in IPF lung fibroblasts via the
upregulation of BCL-2°°. Compared to healthy fibroblasts,
IPF-derived fibroblasts secrete increased amounts of
SASP factors, including proinflammatory cytokines (e.g.,
IL-6 and IL-1pB) and profibrotic mediators (e.g., FGF2 and
TGEP)®. Oxidative stress is another key component in
the induction of cellular senescence and an important
contributing factor in IPF pathogenesis’®”'. As high-
lighted above, it is possible that a number of fibrogenic
SASP factors may act via IL-11 to induce cellular senes-
cence through paracrine interactions between senescent
and nonsenescent cells. In support of this concept, a
recent study by Chen et al. explored the contribution of
TGFP and IL-11 signaling in a mouse model of
senescence-associated lung fibrosis due to Bmi-1 defi-
ciency and showed that TGEp and IL-11 were both highly
secreted by senescent lung fibroblasts and epithelial cells.
The authors also demonstrated that IL-11-dependent
ERK signaling promoted fibroblast senescence and trig-
gered the epithelial-to-mesenchymal transformation of
type II alveolar epithelial cells”’. Given the emerging
importance of epithelial dysfunction in IPF’?, these results
also point to a potentially critical but largely unexplored
role of IL-11 in the lung parenchymal niche. A recent
study also showed IL-11 upregulation in lung endothelial
cells in bleomycin-induced aged mice, which points to a
role for IL-11 in vascular dysfunction in the context of
IPF”,

Therapeutic targeting of IL-11 in fibrotic lung
disease

Previous studies by our group suggested that IL-11 was
highly fibrogenic in the cardiovascular system®® and the
liver*! and given the abundance of data that showed that
IL-11 was elevated in human fibrotic lung disease; we
revisited IL-11 in the context of experimental lung fibrosis
and IPF. In proof-of-concept studies, we showed that
species-matched administration or fibroblast-specific
overexpression of murine IL-11 in mice causes, rather
than protects against, lung fibrosis®*. Three weeks of daily
treatment with recombinant murine IL-11 in mice led to
significant accumulation of collagen I-expressing acti-
vated myofibroblasts in the lung interstitium, a corre-
sponding upregulation in genes associated with
pathological remodeling (such as Collal, Timpl, and
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Mmp2) and increased deposition of collagen in the
lungs®*. Likewise, in separate gain-of-function experi-
ments, the overexpression of murine IL-11 in a fibroblast-
restricted manner in I/11-transgenic mice crossed with
Colla2-CreERT mice caused widespread parenchymal
disruption and collagen and ECM deposition in the lung.
Notably, primary fibroblasts isolated from these
fibroblast-specific 1/11-overexpressing mice were found to
be extremely invasive and exhibited the characteristics of
IPF fibroblasts™.

Pharmacological inhibition of IL-11 signaling is bene-
ficial and protective in an established murine model of
IPF, the bleomycin-injured lung®”. In genetic loss-of-
function studies, we also showed that 1/11ral-knockout
mice were protected from lung fibrosis*>. Subsequent
signaling studies in whole lung tissue from I[l1lral-
knockout mice revealed that the protection against lung
fibrosis was associated with a reduction in pathological
ERK and, perhaps surprisingly, SMAD signaling. Early and
late treatment with anti-IL-11 antibodies in bleomycin-
challenged mice not only prevented but also reversed
established pulmonary fibrosis and specifically reduced
pulmonary ERK and SMAD signaling®®. Notably, STAT3
activation was unaffected and therefore appears to be
tangential to IL-11-mediated lung fibrosis. In parallel, the
Snoek group generated several human lung organoid
models of the genetic condition Hermansky-Pudlak syn-
drome (HPS), which is caused by mutations affecting
lysosome-related ~ organelles®.  Expression  profiling
revealed that only mutations linked to a clinical subtype
characterized by extensive fibrosis of the lung also drove
high IL-11 expression in human epithelial cells. Deletion
of IL11 effectively reduced fibrosis in mutant organoids,
suggesting that IL-11 is a therapeutic target in HPS
patients suffering from lung fibrosis.

Therapeutic strategies aimed at inhibiting the inflam-
matory components of IPF, such as targeting IL-13, have
to date failed in the clinic, and this raises the question of
whether this approach addresses a key underlying
pathology or a secondary phenomenon’*’>, Interestingly,
we found that by treating fibrosis with anti-IL-11 therapy,
there was an additional anti-inflammatory effect, which
we had not anticipated®”. Considering that IL11RA is
predominantly expressed in the stromal and parenchymal
niches, it was surprising to us that IL-11 signaling directly
or indirectly affected the inflammatory response in the
injured lung. Not much is known about the relationship
between tissue fibrosis and inflammation in the lung, and
in IPF in particular. One potential connection between
these pathologies is the activity of inflammatory fibro-
blasts, which have been shown to be central to the
immune response in the joint and the gut’®~"%,

To better understand the anti-inflammatory component
of anti-IL-11 therapy, we generated a mouse with
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conditional deletion of the Il11ral gene in fibroblasts.
This allowed us to genetically block IL-11 signaling
in vivo specifically in the stroma’®. In vitro studies sug-
gested that this inhibition would prevent fibroblast acti-
vation, migration, and ECM production. When we then
induced the bleomycin model of pulmonary fibrosis, we
observed a highly reduced fibrotic response (and ERK
signaling) in the conditional knockout animals. While this
effect on fibroblast activation was expected, we also
observed reduced inflammation with fibroblast-specific
IL11RA1 deletion. This effect was most notable in
chronic, late-stage inflammation, whereas the immediate
acute inflammatory response to injury was largely unaf-
fected. Interestingly, inhibiting IL-11 signaling in fibro-
blasts led to specific reductions in profibrotic
TGEpB-expressing monocyte and macrophage populations
after bleomycin injury. This finding shows that the stroma
has an upstream regulatory role in chronic inflammation
that is a component of many chronic lung diseases and
aging (Fig. 2)*®'. Hence, inflammation may be a sec-
ondary consequence of fibrosis and not a primary driver
of disease, and targeting the activation of tissue-resident
cells, such as fibroblasts or epithelial cells, may prove to
be a more direct approach for treating fibroinflammatory
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Fig. 2 Schematic of IL-11 signaling in epithelial-stromal crosstalk
and the development of pulmonary fibrosis. The damaged
epithelium in diseased alveoli upregulates IL.-11 and other factors,
which in turn cause epithelial dysfunction by inducing
epithelial-mesenchymal transition and senescence. Injury signals from
the injured epithelium, including IL-11 itself, trigger IL-11 secretion
from fibroblasts. IL-11 then acts in an autocrine/paracrine manner to
drive/amplify profibrotic fibroblast effector functions, including
proliferation, migration, invasion, and myofibroblast differentiation, via
an ERK-dependent mechanism. IL-11-stimulated fibroblasts and
myofibroblasts also acquire resistance to apoptosis and secrete
extracellular matrix components, along with proinflammatory
cytokines/chemokines (e.g., IL-6, CCL2, CXCL1), leading to the
recruitment and activation of immune cells to the injury site.
Inflammation perpetuates a vicious profibrotic loop that further
activates fibroblasts. IL-11 expressed by fibroblasts may also contribute
to paracrine activation of epithelial cells, causing chronic epithelial
dysfunction and impaired regeneration.
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lung diseases. This approach has the potential to reduce
local inflammation without altering the systemic immune
response, which may result in fewer side effects.

Conclusion and future perspectives

Based on early studies of the effects of human IL-11 in
mouse models of disease, IL-11 was considered (and is still
thought) to be important for platelet function and to be
cytoprotective, anti-inflammatory, and antifibrotic in organs,
including the lung®. However, advances made in the past
few years using species-matched IL-11 in disease models
in vitro and in vivo have begun to suggest an alternative role
for IL-11. IL-11 signaling is now known to be centrally
important for lung pathology and promotes a broad range of
maladaptive effects, including lung epithelial cell dysfunction,
stromal-driven inflammation, and myofibroblast activation.
Preclinical data have shown that IL-11 inhibition provides
benefits in the treatment of certain respiratory infections and
for the prevention and reversal of pulmonary fibrosis and
inflammation. Studies using fibroblast-specific IL11RA1-
knockout mice suggest that fibroblasts are a prominent cel-
lular target of anti-IL-11 therapy. We believe that IL-11-
dependent fibroinflammation may be broadly relevant across
a range of chronic lung disorders.

Many questions relating to IL-11 biology in the lung
remain. For example, the specific stimuli for IL-11
secretion in respiratory infections, asthma, and lung
fibrosis are unclear. New methods for cell-type-specific
lineage tracing coupled with single-cell sequencing tech-
nology may help uncover the major cellular sources of IL-
11 in the diseased lung and further decipher the interac-
tions between IL-11-expressing cells and other cell types
during lung injury. Detailed mechanistic studies are also
required to better understand how IL-11 affects lung
epithelial and immune cells and how epithelial damage
impacts stromal and immune activation. Signaling aspects
also need to be fully deciphered. While ERK activity is
central to IL-11-mediated effects in fibroblasts, the same
may not be true in epithelial cells, and there are emerging
links between IL-11 and NOX4 activity, reactive oxygen
species, and additional signaling pathways.

Looking forward, anti-IL-11 therapies are currently
being developed by pharmaceutical and biotechnology
companies, and it is likely that at some point in the not-
too-distant future, there will be clinical trials of anti-IL-11
therapy in patients with fibrotic and/or inflammatory lung
diseases, such as IPF. Clinical trials for IPF are notoriously
difficult, as there is great heterogeneity in patient lung
function at presentation and in disease progression. It is
perhaps reassuring that IL-11 levels in IPF correlate with
disease severity; thus, targeting individuals with severe
and/or progressive disease may define an opportune
patient group characterized by high pulmonary IL-11
levels for clinical trials.
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