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Abstract

Background Interleukin-11 (IL-11) is linked to the pathogenesis of idiopathic pulmonary fibrosis (IPF),
since IL-11 induces myofibroblast differentiation and stimulates their excessive collagen deposition in the
lung. In IPF there is disrupted alveolar structural architecture, yet the effect of IL-11 on the dysregulated
alveolar repair remains to be elucidated.

Methods We hypothesised that epithelial-fibroblast communication associated with lung repair is disrupted
by IL-11. Thus, we studied whether IL-11 affects the repair responses of alveolar lung epithelium using
mouse lung organoids and precision-cut lung slices (PCLS). Additionally, we assessed the anatomical
distribution of IL-11 and IL-11 receptor (IL-11R) in human control and IPF lungs using
immunohistochemistry.

Results IL-11 protein was observed in airway epithelium, macrophages and in IPF lungs, also in areas of
alveolar type 2 (AT2) cell hyperplasia. IL-11R staining was predominantly present in smooth muscle and
macrophages. In mouse organoid co-cultures of epithelial cells with lung fibroblasts, IL-11 decreased
organoid number and reduced the fraction of Prosurfactant Protein C-expressing organoids, indicating
dysfunctional regeneration initiated by epithelial progenitors. In mouse PCLS exposed to IL-11, ciliated
cell markers were increased. The response of primary human fibroblasts to IL-11 on gene expression level
was minimal, though bulk RNA-sequencing revealed IL-11 modulated various processes which are
associated with IPF, including unfolded protein response, glycolysis and Notch signalling.

Conclusions IL-11 disrupts alveolar epithelial regeneration by inhibiting progenitor activation and
suppressing the formation of mature alveolar epithelial cells. Evidence for a contribution of dysregulated
fibroblast—epithelial communication to this process is limited.

Introduction

Idiopathic pulmonary fibrosis (IPF) is believed to be induced by repetitive micro-injuries to the alveolar
epithelium leading to defective epithelial-fibroblast communication and chronic activation of extracellular
matrix (ECM)-producing myofibroblasts [1]. Dysfunctional alveolar type 2 cells (AT2 cells) are believed to
play a fundamental role in the initiation of fibrosis [2, 3]. In IPF, the regenerative capacity of AT2 cells is
impaired [3], with loss of both AT1 and AT2 cells observed in IPF tissue. Additionally, AT2 cells in IPF
were reported to show abnormalities such as senescence and cellular stress [1, 4].

Interleukin-11 (IL-11) is a member of the IL-6 family and is associated with cancer and fibrosis in
numerous organs [5, 6]. Interestingly, IL-11 protein levels are hardly detectable in healthy individuals [7-9],
suggesting IL-11 is not essential for homeostasis. Although fibroblasts and epithelial cells have been
proposed as sources of IL-11 in the lung [9, 10], it is not yet established which cell types primarily produce
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IL-11 and express IL-11 receptor (IL-11R) in the human lung. Recent mouse and human studies suggest that
IL-11 plays a fundamental role in IPF pathogenesis. IL-11 can induce fibroblast to myofibroblast transition
and stimulate collagen secretion by myofibroblasts, and the fibrotic response in a bleomycin mouse model
was diminished by the administration of an IL-11 antibody [9].

Since IL-11 was found to influence IPF pathogenesis by acting on fibroblasts [9], we hypothesised it also
negatively impacts normal epithelial lung repair. We first explored the protein expression pattern of IL-11
and its receptor in human lung tissue and assessed differences between control and IPF tissue. We then
studied the influence of IL-11 on epithelial progenitor cell function using a mouse organoid model.
Finally, we examined whether IL-11 induced dysfunctional fibroblast—epithelial communication, thereby
affecting progenitor cell behaviour.

Methods
Full details of materials and methods are described in the online supplementary material.

Animal handling

Specific pathogen-free wild-type C57BL/6J mice (>8 weeks) were used in this study. All animal
experiments were performed according to the national guidelines and upon approval of the experimental
procedures by the local Animal Care and Use committee of the University of Groningen.

Immunohistochemistry

The immunohistochemical staining performed in this manuscript were conducted as part of the
HOLLAND (HistopathOLogy of Lung Aging aNd COPD) project, and were based on existing
protocols [11].

Briefly, sections from paraffin-embedded human lung tissue of control and IPF donors (table 1) were
incubated with rabbit anti-IL-11 (LSBio, Seattle, WA, USA) or rabbit anti-IL-11R (Abcam, Cambridge,
UK), diluted 1:100 or 1:400, respectively, and subsequently incubated with peroxidase-conjugated donkey
anti-rabbit (Jackson Immunoresearch, Ely, UK) diluted 1:500. Sections were developed with NovaRED
(Vector Laboratories, Burlingame, CA, USA), followed by haematoxylin counterstain. Slides were scanned
with a Hamamatsu NanoZoomer 2.0HT digital slide scanner (Hamamatsu Photonic K.K., Hamamatsu City,
Japan) at magnification 40%. Per staining, the mean intensity and percentage of positive stained area was
quantified using Fiji/ImageJ 2.1.0 [12].

Mouse epithelial cell isolation and organoid culture

Epithelial (CD317/CD45 /EpCam”) cells were isolated as previously described [13], and the organoid
assay was based on published protocols [13]. In this manuscript, two types of organoids were used; mouse
organoids (primary mouse EpCam’ cells combined with CCL206 fibroblasts) and mixed organoids
(primary mouse EpCam” cells co-cultured with primary human fibroblasts; table 2). Briefly, 10 000
fibroblasts were mixed with 10 000 freshly isolated mouse lung EpCam" cells and seeded into transwell
inserts (Thermo Fischer Scientific, Waltham, MA, USA) in 100 uL. growth factor-reduced Matrigel (Fisher
Scientific, Landsmeer, The Netherlands) diluted 1:1 with DMEM:Ham’s F12 (1:1) containing 10% FBS,
2 mM L-glutamine and antibiotics. Organoids were exposed to recombinant human IL-11 (rhIL-11, R&D
Systems, Minneapolis, MN, USA, #218-IL) for 14 days. Organoids were fixed and stained according to
published protocols [13].

TABLE 1 Patient characteristics of human lung tissue samples stained for interleukin (IL)-11 and IL-11 receptor

Patient Sex Age, Smoking status, Pack-years, Years since smoking FEV,/FVC (best), FEV; (% of predicted
group M/F n median never/ex/current median (range) cessation, median median (range) pre-BD), median
(range) n (range) (range)
Control 3/6 57 (43-62) 0/9/0 Ex: 15 (1.5-25) Ex: 2 (1-17) 76 (69-86.6) 103.6 (85-127)
3 unknown 1 unknown 1 unknown
IPF 9/3 57 (37-67) 5/6/1 Ex: 26 (6-40) Ex: 16 (2-33) 87.9 (67.5-100) 49.4 (18-74.5)
1 unknown 4 unknown
Current:
unknown

FEV,: forced expiratory volume in 1 s; FVC: forced vital capacity; BD: bronchodilator; IPF: idiopathic pulmonary fibrosis.
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TABLE 2 Patient characteristics of primary human fibroblasts used for organoid culture, gene expression studies and RNA sequencing

Fibroblasts for Sex Age years, Smoking status, Pack-years, FEV; (% of predicted FVC (% of predicted
organoid culture M/F median never/ex/current, n median (range) pre-BD), median (range) pre-BD), median
(range) (range)
Control 3/2 49.5 (46-69) 1/2/1 Ex: 26 (20-32) 96.9 (90.7-105) 104.5 (104-105)
Current: 33 3 unknown
IPF 4/1 63 (36-68) 1/3/0 Ex: 20 (15-25) 61 (45-81) 51 (43-83)
1 unknown 3 unknown 1 unknown 1 unknown
Fibroblasts for gene
expression studies
Control 5/1 65 (47-72) 0/3/3 Ex: 30 (20-40) 90.7 (70.9-104) 104.5 (95-114)
1 unknown 1 unknown 4 unknown
Current: 30
(25-55)
IPF 6/0 64 (61-68) 1/5/0 Ex: 32.5 (15-47) 61 (45-81) 52 (43-83)
1 unknown
Fibroblasts for bulk
RNA-seq
Control 4/1 65 (47-69) 0/3/2 Ex: 30 (20—40) 90.7 (70.9-104) 104.5 (95-114)
1 unknown 3 unknown
Current: 27.5
(25-30)

FEV;: forced expiratory volume in 1 s; BD: bronchodilator; FVC: forced vital capacity; IPF: idiopathic pulmonary fibrosis.

Precision-cut lung slices

Mouse lungs were filled with 1.5% low-melting point agarose (Gerbu Biotechnik GmbH, Wieblingen,
Germany) solution. Subsequently, lung lobes were cut into precision-cut lung slices (PCLS) of 250 pm in
thickness. Slices were incubated with 100 ng-mL™" rhIL-11 for 48 h, after which they were stored at —80°C
until further use.

Gene expression analyses

300 000 primary fibroblasts of control and IPF donors (table 2) of passage 5 until 7 were exposed to
rhIL-11 for 24 h, after which their RNA was extracted using TRIzol (Invitrogen under Thermo Fisher
Scientific). The Maxwell simplyRNA tissue kit (Promega, Madison, WI, USA) was used to isolate RNA
from mouse PCLS. Equal amounts of mRINA were reverse transcribed (Promega) and real time quantitative
PCR (qPCR) was performed.

RNA sequencing

300 000 primary human lung fibroblasts of control donors (table 2) of passage 5 until 7 were exposed to
100 ng'-mL~" rhiIL-11 for 24 h. RNA was isolated using TRIzol reagent. An Illumina NovaSeq 6000
sequencer was used for bulk RNA-seq data analysis by GenomeScan (the Netherlands). Differentially
expressed genes, pathway enrichment analysis and volcano plots were generated in R. The complete
dataset is available via https://doi.org/10.6084/m9.figshare.19419707.v1.

Data analyses

Data are presented with meantsp unless described otherwise. A two-tailed t-test, a one-way ANOVA, a
two-way ANOVA, a Wilcoxon test or a Kruskall-Wallis test was used where appropriate. Differences were
considered statistically significant when p<0.05.

Results

IL-11 and IL-11R expression in human lung tissue

The cell type-specific expression of IL-11 and IL-11R in the human lung remains incompletely
understood, though publicly available RNA-sequencing datasets suggest fibroblasts, myofibroblasts, innate
lymphoid cells, endothelial cells and various epithelial cells express IL-11, whereas IL-11R is expressed by
a variety of cells, including epithelial cell types, fibroblasts, smooth muscle cells, dendritic cells and
endothelial cells (supplementary figure S1). These publically available data indicate no notable differences
between controls and IPF donors with the exception of aberrant basaloid cells which are unique to IPF
donors and appear to express IL11. Other cell types such as the innate lymphoid cell type A are more
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abundant in IL11 expression when obtained from healthy donors. We further investigated the expression
pattern on protein level by performing immunohistochemical staining for IL-11 and IL-11R in human lung
tissue. First, secondary antibody specificity was confirmed (figure 1a, c). IL-11 protein expression was
observed in the airway epithelium, a subset of macrophages and to a lesser extent in the tunica media of
blood vessels and in the smooth muscle around airways (figure 1a). In IPF tissue, there was also some
IL-11 staining in AT2 cells in areas of AT2 cell hyperplasia (figure 1a). Quantitative analysis of IL-11
tissue positive area and average intensity of staining (figure 1b) indicated that there were no overall
differences between control and IPF tissue (p=0.2401 and p=0.8256 respectively). IL-11R staining was
primarily visible in macrophages and in smooth muscle surrounding vessels and airways, and in IPF tissue,
also in randomly organised smooth muscle. IL-11R was also present to a lesser extent in airway epithelium
and the endothelium (figure 1c). Both IL-11 and IL-11R staining were not observed in fibroblast foci in
IPF tissue. The IL-11R staining area was significantly decreased in IPF lung tissue compared with control
tissue (figure 1d) (p=0.0209), whereas the intensity of IL-11R staining did not differ between groups

IL-11R area

IL-11 area

40-
p=0.0209
(] (]
- ]
g sy " g >
2 2 204
=] =]
5 107 ", 5
£ £ 109 _o
© fo] o n
- i B d L ®
§ 5 i % ;\2 0 ole *.' .......
0 T e 10
T - T T
Control  IPF Control  IPF
IL-11 intensity IL-11R intensity
110~ 120~
n
o 100 . o ° -
= £ 1101
£ £ o
? 90 f
S S 100
2 2 °
G 807 G s
g g
= 704 L4 5 907 ]
60 T T 80 T T
Control  IPF Control  IPF

FIGURE 1 Expression pattern of interleukin (IL)-11 and IL-11 receptor (IL-11R) in the human lung. Human lung tissue sections of control and
idiopathic pulmonary fibrosis (IPF) donors were immunohistochemically stained for IL-11 and IL-11R, developed with NovaRED (red) and
counterstained with haematoxylin (blue). Arrows indicate positive cells or structures. Negative control images (Neg ctrl) are included for both IL-11
and IL-11R (a, ). a) IL-11 staining was present in airway epithelium (Epi), macrophages (M®) and the tunica media of blood vessels (Tun Med)
(example images are from control donors). In IPF, IL-11 staining was also present in areas of alveolar type 2 cell hyperplasia (AT2) (a). b) Analysis of
IL-11 staining area and intensity in control (n=9) and IPF (n=12) tissue, unpaired t-test on log transformed data. c) IL-11R expression was observed
in airway epithelium (Epi), smooth muscle (SMC), macrophages (M®) and the endothelium (Endo). All example images of IL-11R are from the
control group. d) Analysis of IL-11R staining area and intensity in control (n=9) and IPF (n=12) tissue, unpaired t-test on log transformed data.
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(p=0.7016). For the staining quantification of both IL-11 and IL-11R, the variability within each group
was substantial. Interestingly, numerous control and IPF tissue sections were almost completely negative
for IL-11 and/or IL-11R staining, whereas others did show positivity. We noticed heterogeneity not only
within the groups, but even within the same tissue, as structures were mostly only partially positive for
IL-11 and IL-11R (supplementary figures S2-S3). For example, generally only a subset of macrophages
and AT2 cells were positive within one tissue section, and protein expression could be found in the
epithelium of one airway, whereas other airways present in the tissue were negative. We also assessed
whether IL-11 and IL-11R were present in the exact same area of the same tissue by comparing serial
sections (supplementary figure S4). Exact overlap was sometimes observed, though it was more common
that IL-11 and IL-11R were present in non-identical but adjacent structures.

IL-11 negatively impacts progenitor activation and alveolar differentiation

Since little is known about the influence of IL-11 on alveolar repair, we used a mouse organoid model to
study the regenerative capacity of epithelial progenitor cells in response to IL-11 (figure 2a). IL-11
concentrations of 0—10 ng-mL™" were reported in nasal secretions of children with respiratory infections,
whereas in vitro cultures of fibroblasts and epithelial cell lines mostly produced up to 10 ng-mL™" IL-11,
though sometimes concentrations of around 100 ng~rnL71 were found [7, 14]. Therefore, we used
concentrations of 1-100 ng-mL~" IL-11 in the organoid system. Overall, the number of organoids formed
on day 14 was significantly decreased in the presence of rhIL-11 (p=0.0045). Post hoc analyses showed
that 10 ng'-mL™" and 100 ng'mL™' rhIL-11 both induced a significant reduction in the number of
organoids formed (p=0.0303 and p=0.0224 respectively) (figure 2b). The organoid number data
demonstrated remarkable variability. We hypothesised this may be caused by sex differences; however the
dataset was mostly comprised of epithelial cells originating from female mice (n=8 out of n=10).
Therefore, we expanded our experiments to include more data from male mice, and then stratified the
number results for mouse sex from which the epithelial cells were isolated (figure 2c). Although rhiL-11
significantly reduced the number of organoids formed (p=0.0017), the response to rhIL-11 was not
dependent on the sex of the donor mouse. In addition, the median organoid diameter on day 14 was not
altered in the presence of rhIL-11 (p=0.3819) (figure 2d).

To assess the effect of IL-11 on epithelial differentiation, immunofluorescence was performed for
differentiation markers Prosurfactant Protein C (pro-SPC) and Acetylated oo Tubulin (ACT) (figure 3a).
Quantification of these markers revealed that rhIL-11 significantly influenced their expression (p=0.0302),
where 100 ng-mL ™" rhIL-11 induced a reduction of the pro-SPC-expressing organoid fraction (p=0.0089)
and concurrently an increase in the double-negative fraction (pro-SPC-ACT-organoids) (p=0.0126)
(figure 3b).

We then assessed the response of mouse organoids to rmIL-11 (supplementary figure S5A), as the species
of recombinant IL-11 was previously suggested to be of importance for studying its effects [15]. Overall,
rmIL-11 also affected the amount of organoids formed on day 14 (p=0.0010), where 1ng-mL~*
significantly increased the number of organoids (p=0.0098) and 100 ng-mL~" significantly reduced the
number of organoids formed (p=0.0321) (supplementary figure S5B). Organoid size was not affected by
rmIL-11 exposure (supplementary figure S5C). Next, we compared the expression of Il11ral in the two
cell types present in the organoid system, the EpCam" cells and CCL206 fibroblasts, by culturing control
mouse organoids for 72 h after which cell types were resorted into EpCam" cells and CCL206 fibroblasts
and bulk RNA-sequenced separately. The expression level of Il11ral was considerably higher in the
CCL206 cells than in the EpCam” cells (supplementary figure S6A). We also checked the expression of
Il11, which was relatively low in both cell types. We continued by investigating the response of CCL206
fibroblasts to IL-11, by exposing them to both rmIL-11 and rhIL-11 for 30 min, after which cells were
lysed and subjected to Western blot. An increase in phosphorylated STAT3 and ERK1/2 was observed in
CCL206 fibroblasts after rmIL-11 and rhIL-11 treatment, indicating activation of downstream signalling
pathways JAK/STAT3 and MEK/ERK (supplementary figure S6B-D). The CCL206 response to rhIL-11
was more pronounced compared to rmIL-11, and the effects of rhIL-11 on mouse organoid formation were
also stronger and more consistent. Therefore, we continued our studies with rhIL-11.

After observing indications of progenitor cell dysfunction induced by IL-11 in the organoid model, we
assessed whether IL-11 could also affect the epithelium in mouse PCLS. After incubating the slices with
rhIL-11 for 48 h, we assessed the gene expression of epithelial cell markers. The expression of alveolar
cell markers (Hopx and Sftpc) was not significantly affected by the presence of rhIL-11 (p=0.1309 and
p=0.1055 respectively) (figure 3c), though similar to the organoid number data described in figure 2b, the
expression of these markers showed large variability, where the PCLS obtained from some mice responded
more strongly to IL-11 than others. Whereas the expression of Sgblal and Muc5ac was unaffected by
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FIGURE 2 Recombinant human interleukin (IL)-11 suppresses epithelial progenitor cell activation in mouse
organoids. a) Representative brightfield images of mouse organoids exposed to rhiL-11. Scale bar=200 pm.
b) Normalised mouse organoid number on day 14 after continuous treatment with a dose curve of rhiL-11
(n=10, 2 male, 8 female; one-way ANOVA with Sidak’s post hoc test on log transformed data). ¢) Normalised
number of mouse organoids in response to rhiL-11, separated by mouse sex (n=11 male, n=8 female; two-way
ANOVA with Sidak’s post hoc test on log transformed data). d) Organoid diameter on day 14 in response to
rhiL-11; median is shown (n=10, Kruskall-Wallis test with Dunn’s post hoc test).

rhIL-11, Foxj1 expression was significantly increased (p=0.0273) (supplementary figure S7A, figure 3c).
We also assessed expression of 1111 and Il11ral and genes associated with fibrosis (supplementary figure

S7B-C), and found that most genes were not altered in response to rhIL-11, though Tgfbl expression was
downregulated (p=0.0039).

Next, we wondered if the IL-11-induced aberrant progenitor response that we observed in mouse organoids
would also occur using a combination of primary mouse EpCam" cells and primary human fibroblasts
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Interleukin (IL)-11 dysregulates epithelial cell differentiation. a) Representative fluorescent images of
a Prosurfactant Protein C (pro-SPC)+ (scale bar=50 um) and Acetylated o Tubulin (ACT)+ (scale bar=100 pm)
organoid. Quantification of the fraction of pro-SPC-expressing and ACT-expressing mouse organoids in
response to recombinant human (rh)IL-11 (n=10, two-way ANOVA with Sidak’s post hoc test). c) Precision-cut
lung slices of wild-type mice were exposed to 100 ng:-mL™* rhiL-11 for 48 h, after which RNA was isolated from
the whole slice and gene expression studies were performed. Gene expression of alveolar epithelial cell
markers Hopx and Sftpc, and of ciliated cell marker Foxj1, median is shown (n=10, paired samples Wilcoxon test
on delta ct values).

(figure 4a), and whether the disease state of the fibroblasts would affect the response to IL-11. Importantly,
the co-culture of primary mouse EpCam" cells and primary human fibroblasts was previously shown to
yield organoids comparable in number, size and differentiation to those formed by primary mouse EpCam”
cells combined with CCL206 fibroblasts [13]. Overall, rhIL-11 exposure induced a significant decrease in
the number of organoids (p=0.0001) formed by primary mouse EpCam” cells combined with primary
human fibroblasts (figure 4b). This was not dependent on whether the fibroblasts used in the cultures were
isolated from control or IPF tissue (p=0.3055). There was no effect on organoid diameter in cultures
established with either control or IPF fibroblasts (figure 4c—d), similar to our previous results.
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FIGURE 4 The mouse epithelial progenitor cell response is disturbed by interleukin (IL)-11 in mouse/human
organoid co-cultures. Primary mouse Epcam” cells mixed with primary human lung fibroblasts (either control
or idiopathic pulmonary fibrosis (IPF)) were seeded in Matrigel, cultured for 14 days and continuously exposed
to rhiL-11; resulting organoid formation was studied. a) Representative brightfield images of organoids formed
by mouse EpCam” cells with control primary human fibroblasts, in response to recombinant human (rh)IL-11.
Scale bar=250 um. b) Normalised number of mouse/human organoids in response to 14-day treatment with
rhIL-11 (n=5 control fibroblasts, n=5 idiopathic pulmonary fibrosis (IPF) fibroblasts; two-way ANOVA with Sidak’s
post hoc test on log transformed data). ¢) Diameter of organoids formed by mouse Epcam” cells with control
fibroblasts after rhIL-11 treatment, median is shown (n=5, Kruskal-Wallis test with Dunn’s post hoc test). d) The
effect of rhIL-11 on the diameter of organoids formed by mouse Epcam” cells with IPF fibroblasts, median is
shown (n=5, Kruskal-Wallis test with Dunn’s post hoc test).

The production of known epithelial progenitor supportive factors by fibroblasts is not affected by
IL-11

Since the organoid is a co-culture system, the observed effects of IL-11 in this system (figures 2 and 3)
could be determined by an epithelial or by a fibroblast response. As the staining pattern of IL-11R
(figure 1) and the gene expression levels of Il11ral in control mouse organoids (supplementary figure
S6A) suggest that alveolar epithelial cells express IL-11R to a limited extent, we hypothesised that the
organoid effects could be indirect and regulated by fibroblasts. Thus, we exposed primary human
fibroblasts (either control or IPF) to rhIL-11 for 24 h after which gene expression studies were performed.
The expression of progenitor supporting factors and fibrosis-marker gene Fibronectin 1 (FN1) in response
to rhIL-11 (supplementary figure S8A-B) was variable, with no significant effects on any measured genes.
The expression of TGFBI1, IL11 and IL11RA was also not influenced by IL-11 treatment of either control
or IPF fibroblasts (supplementary figure S8B-C).

IL-11 affects processes in fibroblasts including metabolism, cellular stress and cross-talk mechanisms
We then performed bulk RNA-sequencing to get a broader overview of the influence of IL-11 on human
fibroblasts. The volcano plot (figure 5a) shows there were relatively few genes that were differentially
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FIGURE 5 Interleukin (IL)-11 alters several mechanisms in primary human fibroblasts which can influence fibrosis and cellular cross-talk. Primary
human fibroblasts of control donors (n=5) were treated with 100 ng:mL™" rhiL-11 for 24 h and subsequently subjected to bulk RNA-sequencing
analysis. a) Volcano plot showing significantly altered genes in control fibroblasts treated with IL-11 (log,fold change (FC) cut-off=0.5 and adjusted
p-value (padj) cut-off=0.05). b) Gene set enrichment analysis (GSEA) showing upregulated pathways (positive enrichment score) and downregulated
pathways (negative enrichment score) induced by IL-11.

expressed in response to 24-h exposure to rhIL-11 (24 genes with adjusted p-value (padj) <0.05).
Significantly upregulated genes include Hexokinase 2 (HK2) and Lactate Dehydrogenase A (LDHA),
which are involved with glycolysis, and Suppressor Of Cytokine Signaling 3 (SOCS3), which is a target
gene of STAT3 and acts as a negative feedback mechanism of JAK/STAT signalling [16]. Gene Set
Enrichment Analysis (GSEA) revealed IL-11 significantly upregulated pathways associated with
proliferation (E2 factor (E2F) targets, G2M checkpoint, MYC targets and mitotic spindle) (figure 5b),
which was previously shown to be increased in fibroblasts by IL-11 [17], and downstream mechanisms of
IL-11 signalling; JAK/STAT3, MEK/ERK (KRAS) and PI3 K/Akt/mTOR [16], indicating IL-11 induces
expected responses in primary fibroblasts. Other processes that were affected by IL-11 include TGFf
signalling, inflammation (TNFo signalling via NF-xB, inflammatory response, IFNy response, complement
and IFNo response), cellular stress (unfolded protein response and reactive oxygen species pathway),
metabolism (glycolysis) and cross-talk pathways (Notch signalling).

Discussion

In this study we describe for the first time the distribution of IL-11 and IL-11R in human lung tissues on
protein level, and show that IL.-11 impairs progenitor cell activation and suppresses alveolar differentiation,
suggestive of dysregulated alveolar regeneration. We also explored mechanisms by which fibroblast—epithelial
cross-talk may be disturbed by IL-11, but we found little evidence for this in gene expression studies.

Immunohistochemical staining of IL-11 and IL-11R was present in various cell types, and we note
considerable intra- and interindividual variability in the expression of both proteins. The observations made
here regarding the IL-11- and IL-11R-expressing cells and structures are not fully in line with previous
literature [9, 15, 18-25], which might be due to previous studies mainly reporting gene expression data,
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often in cell cultures or mouse organs, whereas here protein expression in human lung tissue was assessed.
Interestingly, IL-11 expression was also present in macrophages, which are suggested to be of importance
in the pathogenesis of IPF [26-28]. We also noted IL-11 expression in areas of AT2 cell hyperplasia
(figure 1a), which is of particular interest since epithelial cells are thought to produce IL-11 [9, 10] and
epithelial cell dysregulation relates to the initiation of fibrosis [10]. Whereas IL-11 mRNA overexpression
has been reported in IPF lungs [9], here we found no differences in IL-11 protein between control and IPF
tissues. The percentage of tissue area positive for IL-11R was significantly decreased in IPF compared to
control. The reason for this is not known since the regulation of IL-11R is largely unexplored [29], though
the disorganisation of the lung architecture in IPF compared to healthy lung tissue may affect the overall
expression of IL-11 and IL-11R as well. Furthermore, the donors of the control and IPF tissues differed in
smoking status, pack-years and years since smoking cessation (table 1), which could also affect IL-11(R)
expression. Though IL-11R expression was not observed in fibroblast foci, fibroblasts activate downstream
signalling pathways in response to IL-11 [9], suggesting IL-11R expression is dynamically regulated and
may differ between cellular subsets or activation states, highlighting the need for studies on IL-11R regulation.

IL-11 decreased the number of organoids formed, indicating disrupted progenitor cell activation. IL-11 also
reduced the pro-SPC" organoid fraction, which indicates AT2 cell dysfunction or disturbances in alveolar
differentiation. It was previously shown that human embryonic stem cell-derived organoids that model
Hermansky—Pudlak syndrome-associated interstitial pneumonia (HPSIP), which also recapitulates features
of IPF, had an abnormal morphology which was restored in IL-11 knockout HPSIP organoids [10].
Moreover, IL-11 was recently reported to inhibit primary human alveolar cell proliferation, whereas
primary mouse AT2 cells treated with IL-11 had an increased expression of KRT8 and stalled
transdifferentiation to AT1 cells, supporting our hypothesis that IL-11 impairs alveolar repair [30].
Interestingly, we found that IL-11-exposed PCLS showed an upregulation of Foxjl expression. Though
this finding warrants more study, it may relate to bronchiolisation, a pathological process in IPF where
alveolar spaces are covered with bronchiolar cell types [1], as microscopic honeycombing was previously
found to be specifically associated with increased expression of cilium-associated genes in a subset of IPF
patients [31]. Since IL-11 induced distinct epithelial differentiation responses in organoids compared to
PCLS, IL-11 may affect epithelial cells differently during regeneration or repair (modelled by the
organoid) than during homeostatic conditions (modelled by the PCLS system). Our data indicating that
IL-11 affects organoid number but not size further suggests that IL-11 impacts on the progenitor cell
decision to form an organoid but not on the subsequent proliferative expansion phase.

Rather, since lung epithelial progenitor cell behaviour is strongly influenced by the microenvironment [32],
we hypothesised that IL-11 dysregulates fibroblast—epithelial cell cross-talk in relation to repair. This is
supported by a recent publication which shows that IL-11 activates downstream signalling more strongly in
fibroblasts than in colon epithelial organoids, and that IL-11" fibroblasts differentially express epithelial
supportive factors such as HGF and EREG [33]. Though we found little evidence for a disrupted
progenitor support function of fibroblasts in our studies on the gene expression level, Notch signalling was
downregulated in fibroblasts upon IL-11 exposure. Sustained activation of Notch is related to abnormal
epithelial repair with alveolar cyst formation [33]. However, alveolar repair relies on dynamic Notch
signalling, where Notch is initially active to stimulate progenitor cell activation after which it is inactivated
to support differentiation [33]. Thus, dysregulated Notch signalling may have implications for abnormal
re-epithelialisation. Pathways involved with inflammation, such as TNFo signalling via NF-xB and
inflammatory response were upregulated in fibroblasts exposed to IL-11. IL-11 is known to have
immunomodulatory effects [18, 34]. However, the role of inflammation in IPF is not completely clear [1].
IL-11 also upregulated HK2, LDHA and the glycolysis pathway, the reactive oxygen species pathway,
the unfolded protein response and the TGFp pathway, which have all been associated with IPF previously
[35-38].

A limitation of our study is that IL-11 did not induce large effects on gene expression level, which was
previously reported as well [9]. This prevented us from exploring whether fibroblast—epithelial
communication mechanisms were distorted by IL-11 using RNA-seq. Proteomics would be a potential
approach to give new insights to these questions. Furthermore, we describe immunohistochemical staining
patterns of IL-11 and IL-11R, but cell types such as quiescent fibroblasts are difficult to recognise without
specific markers, and could therefore not be characterised. Finally, the expression and response of IL-11
showed large variability in our studies. Since IPF is known to be more prevalent in men than in
women [1], we hypothesised that sex differences could play a role in the response to IL-11. However, this
was not supported by our organoid data, though we only investigated possible effects of sex differences in
the EpCam” cells and not in the fibroblasts. If IL-11 were to be used as a therapeutic target in the future,
the heterogeneity of IL-11 should be addressed.
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In summary, IL-11 disturbs alveolar organoid formation as a model of alveolar regeneration in vitro, which
may relate to dysfunctional epithelial repair responses in IPF. Though we did not find evidence on gene
expression level for a role of IL-11 in disrupting the epithelial progenitor support function of fibroblasts,
we show that various other cell types also express IL-11 and IL-11R in the human lung, including
epithelial cells, macrophages and smooth muscle cells, and their IL-11-driven responses related to fibrosis
and dysregulated epithelial repair will be interesting to uncover.
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