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BASIC SCIENCES

IL11 (Interleukin-11) Causes Emphysematous 
Lung Disease in a Mouse Model of Marfan 
Syndrome
Benjamin Ng, Chen Xie, Liping Su, Fathima F. Kuthubudeen , Xiu-Yi Kwek, Daryl Yeong, Chee Jian Pua , Stuart A. Cook ,* 
Wei-Wen Lim * 

BACKGROUND: Marfan Syndrome (MFS) is an inherited connective tissue disorder caused by mutations in the FBN1 (fibrillin-1) 
gene. Lung abnormalities are common in MFS, but their pathogenesis is poorly understood. IL11 (interleukin-11) causes 
aortic disease in a mouse model of MFS and was studied here in the lung.

METHODS: We examined histological and molecular phenotypes in the lungs of Fbn1C1041G/+ mice (mouse model of Marfan 
Syndrome [mMFS]), an established mouse model of MFS. To identify IL11-expressing cells, we used immunohistochemistry 
on lungs of 4- and 16-week-old Fbn1C1041G/+:Il11EGFP/+ reporter mice. We studied the effects of IL11 inhibition by RT-qPCR, 
immunoblots and histopathology in lungs from genetic or pharmacologic models: (1) 16-week-old IL11 receptor (IL11RA) 
knockout mMFS mice (Fbn1C1041G/+:Il11ra1−/− mice) and (2) in mMFS mice administered IgG control or interleukin-11 
receptor antibodies twice weekly from 4 to 24 weeks of age.

RESULTS: mMFS lungs showed progressive loss and enlargement of distal airspaces associated with increased proinflammatory 
and profibrotic gene expression as well as matrix metalloproteinases 2, 9, and 12. IL11 was increased in mMFS lungs and 
localized to smooth muscle and endothelial cells in young mMFS mice in the Fbn1C1041G/+:Il11EGFP/+ reporter strain and in 
fibroblasts, in older mice. In mMFS mice, genetic (Fbn1C1041G/+:Il11ra1−/−) or pharmacologic (anti-interleukin-11 receptor) 
inhibition of IL11 signaling reduced lung emphysema, fibrosis, and inflammation. This protective effect was associated with 
reduced pathogenic ERK1/2 signaling and lower metalloproteinase 2, 9, and 12 expression.

CONCLUSIONS: IL11 causes lung disease in mMFS. This reveals a shared IL11-driven disease mechanism in lung and aorta in 
MFS and suggests inhibition of IL11 signaling as a holistic approach for treating multiorgan morbidity in MFS.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Marfan syndrome (MFS) is an autosomal dominant 
genetic disorder caused by mutations in the fibril-
lin-1 (FBN1) gene resulting in connective tissue 

abnormalities that leads to bone overgrowth, scoliosis, 
ectopia lentis, and aortic aneurysm. In MFS, the primary 
cause of morbidity and mortality is due to thoracic aortic 
aneurysm and rupture.1,2 Pulmonary disease in patients 
with MFS, which can develop as early as infancy, is common 

and mutations in FBN1 (fibrillin-1) are known to disrupt 
the microfibrillar assembly required for elastin deposition, 
to reduce lung elasticity and recoil.3,4 While improvements 
in the diagnosis and treatment of MFS aortopathy has led 
to near-normal life expectancy in MFS patients,5 pulmonary 
disease still causes disability and affects quality of life.6,7 
Pneumothorax commonly occurs in MFS patients and only 
1 in 3 patients with MFS have normal pulmonary function.8
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Mouse models have been informative in the study of 
MFS lung disease, although many exhibit high postnatal 
mortality due to aortic disease. Mice with null mutations 
in Fbn1 (Fbn1mgN/mgN) have alveolar space enlargement 
and pulmonary blebs.9 Mice hypomorphic for Fbn1 
(Fbn1mgΔ/mgΔ) express ≈10% of normal fibrillin-1 levels 
also exhibit distal airspace enlargement.10–12 The Fbn1mgR/

mgR mouse,13 expresses ≈20% of normal fibrillin-1 and has 
a similar lung pathology to that seen in human emphy-
sema.11,12 Fibrillin-1 is known to regulate the bioavailability 
of TGFβ (transforming growth factor beta),14 and admin-
istration of a neutralizing transforming growth factor beta 
(TGFβ) antibody to pregnant Fbn1mgΔ/+ dams inhibits air-
space enlargement in Fbn1mgΔ/mgΔ pups.15 This suggest a 
pathogenic effect of TGFβ for lung disease in MFS.

The Fbn1C1041G/+ mouse model of MFS (mMFS) is 
perhaps the most widely studied and faithful model of 
human MFS and recapitulates many of the skeletal, 
aortic, and pulmonary pathologies seen in human MFS, 
while having a long lifespan.16,17 mMFS mice develop 
early defects in lung elastance, unrelated to extracellular 
matrix stiffness, and progressive airspace enlargement.17 
In this model, the MMP (matrix metalloproteinase) 2 and 
9 contribute to elastin degradation and are important in 
disease pathology, not dissimilar to the role of MMP2/9 
in MFS aortic disease.18–20 Treatment of mMFS mice 
with the angiotensin II type I receptor blocker losartan 
reduces distal airspace dilatation by indirectly inhibiting 
TGFβ-dependent ERK1/2 signaling, implicating nonca-
nonical TGFβ signaling in MFS lung pathology.21,22

IL11 (interleukin-11) is a principal transcriptional 
target for TGFβ-driven SMAD activity and is profibrotic 

and proinflammatory.23,24 We recently showed that IL11 
levels are increased in vascular smooth muscle cells 
in the aortas of mMFS mice where it contributes to 
aortopathy.25,26 In the current study, we determine the 
expression of IL11 in the mMFS lung by western blot-
ting and in an IL11:EGFP (enhanced green fluores-
cent protein) reporter strain and define the effects of 
genetic or therapeutic inhibition of IL11 signaling on 
lung pathobiology in mMFS.

MATERIALS AND METHODS
Data Availability
The Major Resources Table, uncropped Western blots, source 
datafile with exact P values are available in the Supplemental 
Material. The authors declare that data supporting the study 
findings are included in the article and the supporting files.

Study approval
The study was carried out in compliance with the recommen-
dations in the Guidelines on the Care and Use of Animals for 
Scientific Purposes of the National Advisory Committee for 
Laboratory Animal Research (NACLAR). All experimental proce-
dures (2019/SHS/1481 and 2019/SHS/1483) were approved 
by the SingHealth Institutional Animal Care and Use Committee.

Animal studies
All mice were from a C57BL/6J genetic background, bred and 
housed in individually vented cages under ABSL-2 conditions 
in the SingHealth Experimental Medicine Centre and provided 
standard laboratory diet (SF00-100; Specialty Feeds) and 
water ad libitum. Fbn1C1041G/+ (mMFS) mice were purchased 
from Jackson Laboratories (012885).16 Colony maintenance 
was carried out as highlighted in the Major Resources Table. 
Notably, infertility of Il11ra1−/− female mice posed certain chal-
lenges in the breeding design. Mice were sacrificed at their 
respective endpoint studies by vital organs removal under 

Highlights

• The present study investigated whether the inhibi-
tion of IL11 (interleukin-11) signaling reduces lung 
disease in a mouse model of Marfan Syndrome.

• In Marfan syndrome IL11 is upregulated early in 
pulmonary airways and vasculature before being 
expressed in parenchymal fibroblasts, later in 
disease.

• Inhibition of IL11 signaling either by genetic dele-
tion of the IL11 receptor or the use of a neutral-
izing IL11RA antibody prevents pulmonary fibrosis, 
inflammation, and emphysema in a mouse model of 
Marfan Syndrome.

• Therapeutic inhibition of IL11, imminent in clinical 
trials, may be an effective intervention for prevent-
ing both lung and aortic disease in Marfan patients.

Nonstandard Abbreviations and Acronyms

ACTA2 actin alpha 2
AGER  advanced glycosylation end-product 

specific receptor
ECM extracellular matrix
EGFP enhanced green fluorescent protein
ERK extracellular signal regulated kinase
FBN1 fibrillin-1
IL11 interleukin-11
IL11RA interleukin-11 receptor
MFS Marfan syndrome
MLI mean linear intercept
mMFS mouse model of Marfan Syndrome
MMP matrix metalloproteinase
PDGFRA  platelet-derived growth factor receptor 

alpha
SFTPC surfactant protein C
TGFβ transforming growth factor beta
WT wild type
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deep anaesthesia with ketamine (100 mg/kg; IP) and xylazine 
(10 mg/kg; IP). Depth of sedation was checked periodically 
for paw- and tail-pinch reflexes. In all experiments, both sexes 
were used in keeping with previous studies of mMFS, provid-
ing a sex-balanced experimental design. Aortic investigations in 
these models have been presented elsewhere.25

IL11-EGFP Reporter Marfan Mice
Fbn1C1041G/+ mice were bred with Il11EGFP/+ mice27 to gener-
ate hybrid Fbn1C1041G/+ (mMFS):Il11EGFP/+ mice. Age-matched 
Fbn1+/+ (wild-type [WT]):Il11EGFP/+ littermates were designated 
controls. Four- or 16-week-old mice were sacrificed, and the 
left lung lobes were analysed by immunofluorescence staining.

IL11RA KO Marfan Mice
Fbn1C1041G/+ mice were bred with constitutive Il11ra1−/− knock-
out mice23 in ≥2 rounds of hybrid crossings to generate 
Fbn1C1041G/+:Il11ra1−/− (mMFSxKO) mice. The lungs of 16-week-
old littermates and cousin lines were assessed for the 4 groups: 
Fbn1+/+, Fbn1C1041G/+, Fbn1C1041G/+:Il11ra1−/−, and Il11ra1−/− mice.

Antibody Treatment
Fbn1C1041G/+ littermates were batch randomized to either 20 
mg/kg of anti-interleukin-11 receptor (IL11RA; X209 clone) 
or isotype control IgG (11E10) twice a week from 4 to 24 
weeks of age for terminal sacrifice. WT littermates were desig-
nated controls for comparison.

X209 Biodistribution in the Lung
C57BL/6J mice (10–12 weeks old) were retro-orbitally injected 
(left eye) with 100 μL of freshly radiolabelled 125I-X209 (5 μCi, 
2.5 μg) in PBS as previously described.28 Lung tissues were har-
vested at the following time points: 1, 4 hours, 1, 3, 7, 14, 21 days 
post-injection. The radioactivity contents were measured using a 
gamma counter (2480 Wizard2; Perkin Elmer, Rockford, IL) with 
decay-corrections (100X dilution of 100 μL dose). The mea-
sured radioactivity was normalized to % injected dose/g tissue.

RT-qPCR
Total RNA was extracted from snap-frozen right lung superior 
lobe homogenates using RNAzol RT (Sigma-Aldrich) followed 
by Purelink RNA mini kit (Invitrogen) purification. The cDNA 
was synthesized using the iScript cDNA synthesis kit (Bio-
Rad). Gene expression analysis was performed in duplicates 
using fast SYBR green (Qiagen) technology on the ViiA 7 real-
time PCR system (Applied Biosystems). Expression data were 
normalized to Gapdh mRNA expression levels and fold-change 
was calculated using the 2−ΔΔCt method.

Immunoblots
Western blot analysis was conducted on protein extracts from 
the mouse right inferior lung lobe. Snap-frozen tissues were 
homogenized and protein concentrations determined by the 
bicinchoninic acid method. Equal amounts of protein lysates 
were separated by SDS-PAGE and transferred onto a PVDF 
membrane. The membranes were blocked with 5% non-fat milk 
in Tris‐buffered saline with 0.1% Tween for 1 hour at room tem-
perature and incubated overnight at 4 °C with primary antibod-
ies. Proteins were visualized using the ECL detection system 
with the appropriate secondary antibodies.

Hydroxyproline Assay
Total hydroxyproline content, a surrogate marker for tissue col-
lagen concentration, was measured in the left lungs of mice 
using the Quickzyme Total Collagen assay kit as per manufac-
turer’s instructions.

Histopathology
Animals were perfused-fixed with PBS followed by 10% neu-
tral-buffered formalin through the left ventricle and effluent dis-
charge from the right atria. The lungs were further fixed in fresh 
fixative for 24 to 48 hours, dehydrated, and paraffin-embed-
ded. Five micrometer sections were stained with Masson’s 
trichrome for collagen assessment, hematoxylin and eosin for 
nuclei analysis, and Verhoef Van Gieson stain for elastic fibres. 
Photomicrographs were randomly captured with non-overlap-
ping fields by researchers (X.-Y.K. and D.Y.) blinded to the strain 
and treatment groups.

Immunohistochemistry
Tissue sections were deparaffinized, permeabilized, and anti-
gen retrieved with Bull’s Eye Decloaker. Slides were blocked for 
endogenous peroxidase followed by 3% BSA in PBS. Primary 
antibodies were incubated at 4 °C overnight and visualized with 
the ImmPRESS peroxidase kit. Five photomicrographs (20X 
magnification) were randomly captured in a lung section per 
mouse and manual cell count was performed with the Cell 
Counter plugin on ImageJ. Lung tissue area was quantified by 
thresholding on ImageJ. The cluster of differentiation molecule 
68-positive cell counts per mm2 tissue area were averaged 
among 5 photomicrographs per mouse.

Immunofluorescence
Animals were perfused-fixed with 4% paraformaldehyde. 
The excised lungs underwent further fixation with 4% para-
formaldehyde at 4 °C overnight, serial 15% to 30% sucrose 
dehydration for 48 hours and frozen in OCT compound. 
Lung sections were probed with primary antibodies at 4 °C 
overnight. Secondary antibodies were used for visualization. 
Autofluorescence was quenched with 0.1% Sudan Black B 
for 20 minutes. Photomicrographs were randomly captured 
by researchers (B.N. and F.F.K.) blinded to the strain and age 
groups. Percentage proportion of GFP+ve cells colocalized 
to cell-type markers were reported per 5 fields, apart from 
AGER+ve (advanced glycosylation end-product specific recep-
tor) cells (percentage area) due to inability of delineating indi-
vidual cells.

Lung Morphometry
Lung fibrosis was scored in 10 fields (10× magnification) 
per Masson’s trichrome-stained section using the semiquan-
titative Ashcroft score as previously described.29,30 To quantify 
mean linear intercept (MLI), we employed the validated semi-
automated method for alveolar morphometry as established 
by Salaets et al.31 Briefly, 20 fields (10× magnification) were 
randomly selected per HE-stained section, manual exclusion 
of non-parenchyma and alveolar exudates was performed on 
a semi-automated FIJI-macro plugin for counting of septal 
tissue points and intersections. Alveolar size measurements 
were analysed as previously established.32 Alveolar airspace 
area was measured with the analyze particles tool. HE images 
were first converted to 8-bit and inverted, and alveolar spaces 
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identified with a preset of 50 μm2 to infinity. Airways and ves-
sels were excluded and ≥2000 alveoli were averaged per lung. 
Elastin area fraction was quantified by calculating the lung 
parenchyma area occupied by elastic fibres, like other publi-
cations.33,34 Five random non-coinciding fields (20× magnifica-
tion) per Verhoef-Van Gieson–stained section per mouse and 
analyzed on ImageJ. Thresholds for elastic fibres were estab-
lished after contrast enhancement until fibres were identifi-
able as black bands. The elastin area was quantified by colour 
deconvolution using the ROI vector segmenting elastin, non-
elastin and airspace (non-tissue) area followed by thresholding 
for elastin area and final expression as a percentage of total 
lung area (see Figure S1).

Statistics
Data are presented either as mean±SE or median±interquartile 
range, unless otherwise stated. Statistical analyses were con-
ducted using GraphPad Prism (version 9.1.2). The robust 
regression and outlier removal tool (ROUT; Q=1%) was 
applied before analysis. Data normality assessed by Shapiro-
Wilk test, and variance heteroscedasticity was assessed by 
F-test for T-test, Brown-Forsythe test for 1-way ANOVA, 
and Spearman rank correlation coefficient test of residuals 
for 2- or 3-way ANOVA where appropriate. Equal variance 
and normality of data determined whether non-linear variable 
transformation was performed and whether parametric or 
nonparametric tests were used. For normal distributed com-
parisons, 2-tailed unpaired Student t-test and 1-way ANOVA, 
with Sidak or Dunnett post hoc tests as appropriate. Welch’s 
correction was applied to parametric tests when heterosce-
dasticity was identified. Non-parametric Kruskal-Wallis with 
Dunn multiple comparisons was conducted for non-normal 
data. Two-way ANOVA with Sidak multiple comparison was 
conducted to compare between Fbn1C1041G/+ and Il11ra1−/− 
mouse genotypes. One-tailed non-parametric Mann-Whitney 
tests were performed at individual gene level for ECM (extra-
cellular matrix) or inflammatory marker genes. Fisher’s method 
was subsequently applied (metab R package, sum.log func-
tion) to combine P values (and corrected for multiple com-
parisons using Bonferroni with the stats R package, p.adjust 
function) to determine the activation of gene pathways in dis-
ease or mitigation of pathways with loss-of-function in IL11 
signaling or antibody treatment. P values are presented cor-
rected to 2 significant figures up to P<0.0001, with exact P 
values presented in the source data.

RESULTS
IL11 Is Upregulated in the Lung of Fbn1C1041G/+ 
(mMFS) Mice
Early and progressive lung impairment has been previ-
ously reported in the mMFS mice and we studied lungs in 
mice across 4, 16, and 24 weeks of age.17 Body, lung, and 
normalized lungs weights stratified for sex are presented 
in Figure S2A through S2D. We did not observe evidence 
of sexual dimorphism of normalized lung weights in the 
mMFS lungs (Figure S2D), which is apparent for aortic 
disease.35 Normalized lung weights in mMFS mice were 

no different to age-matched WT controls but were signif-
icantly reduced in older mice (Figure 1A). By both hema-
toxylin and eosin (HE) and Masson’s trichrome staining, 
parenchymal emphysema and fibrosis in mMFS lungs 
progressed with age (Figure 1B).

We assessed the expression of IL11 and its cog-
nate receptor (IL11RA1) in lung tissues. By western 
blot analysis, IL11 was increased ≈2-fold (P=0.0002) 
in mMFS lungs as compared with WT controls (Fig-
ure 1C). By immunohistochemistry, we found that IL11 
was notably expressed in airway epithelial cells and 
throughout the mMFS parenchyma but was not read-
ily detected in the WT lung (Figure 1D). IL11RA was 
expressed widely and at a similar level in both WT and 
mMFS lungs (Figure 1D).

IL11 Is Upregulated in the Lung Vasculature in 
Young Marfan Syndrome Mice
To specifically identify the cells expressing IL11 
in the lungs of mMFS, we crossed Fbn1C1041G/+ 
(mMFS) mice to Il11-tagged EGFP reporter mice, 
generating Fbn1+/+:Il11EGFP/+ (WT:IL11-EGFP) and 
Fbn1C1041G/+:Il11EGFP/+ (mMFS:IL11-EGFP) mice. 
To define cell types, we used immunohistochemis-
try to colocalize EGFP expression with cell-specific 
markers: smooth muscle cell: ACTA2 (actin alpha 
2); endothelial cell: cluster of differentiation 31; 
fibroblasts: PDGFRA (platelet-derived growth fac-
tor receptor-α); alveolar type 1 epithelial cell: AGER 
and alveolar type 2 epithelial cell: SFTPC (surfactant 
protein C; Figure 2).

In 4-week-old mMFS:IL11-EGFP mice, IL11 expres-
sion was limited to ACTA2+ SMCs in the pulmonary 
vasculature and airway smooth muscle with additional 
expression localised to CD31+ ECs throughout the 
lung (Figure 2). In older (16-week-old) mMFS:IL11-
EGFP mice, IL11 expression was seen again in SMCs 
and ECs and additionally in fibroblasts. IL11 expres-
sion was seen in the lung epithelium but very rarely 
colocalized to alveolar type 2 epithelial cell or alveo-
lar type 1 epithelial cell cells in both young and adult 
mMFS:IL11-EGFP mice. In contrast, EGFP signal was 
absent in WT lungs showing its upregulation to be spe-
cific to the mMFS genotype (Figure 2B through 2F). As 
such, in the Marfan lung, IL11 is first seen in vascular 
and airway smooth muscle and the endothelium and 
progresses with age to be expressed by airway and 
alveolar fibroblasts.

IL11 Causes Pulmonary Emphysema, Fibrosis, 
and Elastolysis in the Marfan Lung
To investigate the role of IL11 signaling in mMFS lung 
disease, we generated a hybrid cross of the Fbn1C1041G/+ 
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(mMFS) mouse to the constitutive Il11ra1−/− knockout 
mouse, generating double mutant mMFS mice devoid 
of IL11RA1-mediated signaling (Fbn1C1041G/+:Il11ra1−/−; 

mMFSxKO). We studied these mice at 16 weeks of age, a 
time point when mMFS mice have established and stable 
lung pathology.17 No evidence of sexual dimorphism in 

Figure 1. IL11 (interleukin-11) is upregulated in the diseased lungs of Marfan Syndrome mice. 
A, Normalized lung-to-body weight ratio (LW/BW; %) is unaltered in age-matched mouse model of Marfan Syndrome (mMFS) mice compared 
with wild-type (WT) controls (4-week-old WT: n=7M, 8F; 4-week-old mMFS: n=5M, 5F; 24-week-old WT and mMFS: n=8M, 9F). B, 
Representative hematoxylin & eosin (HE) and Masson’s trichrome (MT) stained lung cryosections demonstrate progressive emphysematous 
and fibrotic lung pathology in young 4-week-old to mature 24-week-old mMFS mice (n=3). C, Representative immunoblot and cumulative IL11 
protein expression normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is elevated in 24-week-old mMFS lungs compared 
with controls (n=3M, 3F). D, Representative immunohistochemistry in lung sections probed for IL11 and IL11 receptor (IL11RA) compared 
with an IgG isotype antibody in 24-week-old WT and mMFS lungs (n=3). Scale bar represents 50 µm. Data shown are expressed as 
median±interquartile range (IQR); whiskers denote minimum and maximum values. Statistical analysis was performed by 2-way ANOVA for age 
and strain factors with Sidak multiple comparisons (A) and unpaired Student 2-tailed t-test (C). Sexes are indicated as symbols for males (▲) 
and females (●).
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Figure 2. IL11 (interleukin-11) is upregulated in smooth muscle cells and endothelial cells in young Marfan mice as well as in 
fibroblasts in adult Marfan mice.
A, Immunofluorescence staining photomicrographs of lungs in WT:IL11-EGFP and mMFS:IL11-EGFP mice (n=6). ACTA2 (actin alpha 2; 
smooth muscle cells), PDGFRA (platelet-derived growth factor receptor-α; fibroblasts), CD31 (endothelial cells), SFTPC (surfactant protein 
C; AT2 cells), or AGER (advanced glycosylation end-product specific receptor; AT1 cells) in red, GFP in green and DAPI in blue. A and V 
represent airways and vessels in the distal lung regions in ACTA2 stained images respectively. Arrowheads indicate GFP+ cells that colocalize 
with the respective cell-specific markers. Scale bar represents 100 µm. B through E, Percentage proportion of GFP+ve cells colocalized with 
ACTA2+ve (B), PDGFRA+ve (C), CD31+ve (D), and SFTPC+ve (E) cells, respectively. F, Percentage proportion of GFP+ve area with respect to 
total AGER+ve area. Inserts in E and F denote the extended y-axis for the 3 groups. Data shown are expressed as median±IQR; whiskers 
denote minimum and maximum values. Statistical analysis was performed by Welch 1-way ANOVA with Dunnet multiple comparisons (B), 
ordinary 1-way ANOVA with Dunnet multiple comparisons (C and E), and Kruskal-Wallis with Dunn multiple comparisons (D and F) against the 
16-week-old mMFS group.
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Figure 3. Lack of IL11 (interleukin-11) signaling in mouse model of Marfan Syndrome (mMFS) mice protects against pulmonary 
fibrosis, emphysema, and elastolysis.
A, Representative Masson’s trichrome (MT)-stained photomicrographs of 16-week-old mMFS lung demonstrates increased pulmonary fibrosis, 
airspace enlargement, and reduced elastin content, which is prevented in mMFSxKO mice. Ashcroft scoring of pulmonary fibrosis (B) in MT 
stained lung sections (WT: n=4M, 5F; mMFS and KO: n=5M, 5F; mMFSxKO: n=4M, 4F) and hydroxyproline content assessment (C) in WT, 
mMFS, mMFSxKO, and KO lungs (n=5M, 5F). One outlier was removed from WT group for Ashcroft score analyses. Quantification of airspace 
enlargement by mean linear intercept (MLI; D; WT: n=6M, 5F; mMFS: n=5M, 6F; mMFSxKO and KO: n=5M, 5F) (Continued )
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lung histopathology was observed (Figure S3A through 
S3E); therefore, analyses were conducted on pooled 
data for sex. By gross histological analysis of Masson’s 
trichrome-stained lungs, we observed increased colla-
gen deposition around bronchioles and moderate thick-
ening of alveolar walls, along with enlargement of distal 
airspaces in mMFS mice as compared to WT controls 
(Figure 3A; Figure S4A). These distortions in lung archi-
tecture were notably diminished in mMFSxKO mice (Fig-
ure 3A; Figure S4A).

We quantified the degree of pulmonary fibrosis by 2 
methods: (1) semiquantitative Ashcroft score and (2) col-
lagen content by hydroxyproline quantification. As com-
pared to WT controls, the lungs of mMFS mice showed 
increased Ashcroft scores and significantly increased 
lung hydroxyproline content (mean±SE; Ashcroft score: 
1.39±0.21 versus 0.28±0.08; P<0.0001; hydroxypro-
line: 2.20±0.07 versus 1.69±0.08 μg/mg; P=0.0020 
respectively; Figure 3B and 3C). In mMFSxKO lungs, 
both lung Ashcroft scores and collagen content were sta-
tistically reduced as compared to mMFS lungs (P=0.018 
and P=0.0002, respectively), which remained elevated to 
knockout controls by Ashcroft score (P=0.016) but not 
hydroxyproline.

We next assessed the degree of airspace enlarge-
ment/emphysema in the lungs by quantifying alveoli 
chord length by MLI and the mean alveolus size. MLI 
and alveolus size were greater in mMFS mice as com-
pared with WT controls (both P<0.0001; Figure 3D and 
3E). The MLI was reduced in the mMFSxKO lungs as 
compared with mMFS (P<0.0001) and indistinguish-
able from knockout littermates. Alveolus size was also 
reduced in mMFSxKO lungs as compared to mMFS 
mice (P=0.030) and was mildly elevated as compared to 
knockout controls (P=0.0006).

Elastin, the major component of the connective tis-
sue responsible for lung elastic recoil, is fragmented 
and associated with reduced lung elasticity in MFS and 
in mMFS mice.12,36 Verhoef-Van Gieson elastin staining 
of lungs revealed reduced elastin and increased frag-
mentation of elastin fibres with punctate appearance 
in distal alveoli of mMFS lungs as compared with WT 
controls (Figure 3F; Figure S4B). This appearance was 
associated with a statistically significant decrease of 
elastin content in the mMFS lungs as compared to WT 
controls (P<0.0001), which was restored in mMFSxKO 
mice to levels similar to WT and knockout controls (Fig-
ure 3F and 3G).

Pulmonary macrophages are known to contribute to 
elastolytic proteases, and we quantified CD68+ mac-
rophages in the lungs. mMFS had increased CD68+ 
macrophage numbers that were reduced in mMFSxKO 
(P<0.0001) although CD68+ cell numbers remained 
slightly but statistically significantly elevated as com-
pared to knockout lungs (Figure 3H and 3I; Figure S4C).

To study the molecular mechanisms underlying the 
lesser lung pathology apparent in mMFS with Il11ra1 
loss-of-function, we examined ECM (extracellular matrix)-
related (Il11, Col1a1, Col1a2, Col3a1, Fn1, Mmp2, 
Mmp9, and Mmp12) and proinflammatory (Il6, Tnfa, 
Ccl2, Ccl5, Il1a, Il1b, Cd11b, and Cd68) gene expression 
at the pathway level. As compared to WT mice, mMFS 
mice had increased expression of ECM (P=7.2×10−14) 
and proinflammatory (P=3.4×10−12) genes, and these 
effects were statistically significantly reduced in mMF-
SxKO as compared to mMFS mice (P=1.4×10−10 and 
P=6.9×10−7 respectively, Figure 4A; Table S1).

We then performed western blot analysis of IL11, col-
lagens I and III (COL1A1 and COL3A1, respectively) 
and key matrix metalloproteinases (MMP2, MMP9, 
and MMP12) in lung homogenates. This showed that, 
as compared with WT mice, lungs of mMFS mice had 
higher levels of IL11, collagens, and MMPs (Figure 4B 
through 4H). In mMFS lacking IL11 signaling (mMF-
SxKO), expression of all these factors was reduced to 
levels that were no different to those seen in WT or 
knockout controls.

We next investigated the activation (phosphorylation) 
status of the 2 key IL11 signaling pathways (ERK [extra-
cellular signal regulated kinase] and STAT3),24 which are 
associated with aberrant tissue remodelling and inflam-
mation in models of acute lung injury.37 Compared to 
WT mice, mMFS displayed a non-significant increase 
in STAT3 activation (P=0.26) and significant ERK1/2 
activation (P<0.0001; Figure 4I through 4K). Interest-
ingly, and as seen previously in other disease models,29 
inhibition of IL11 signaling in the mMFSxKO mice was 
associated with lesser ERK1/2 but not STAT3 activation 
(Figure 4I through 4K).

Therapeutic Inhibition of IL11 Signaling 
Reduces Lung Pathology
The IL11RA is highly expressed by fibroblasts, vas-
cular SMCs, and epithelial cells in the lung.38 We next 
investigated whether an IL11RA neutralising antibody 

Figure 3 Continued. and alveolar size (E; WT: n=4M, 4F; mMFS and KO: n=3M, 4F; mMFSxKO: n=5M, 6F) by histological assessment. 
Representative photomicrographs of Verhoef-Van Geison (VVG) staining of elastic fibres in lungs (F) and cumulative quantification of elastin 
area fraction (G) in WT, mMFS, mMFSxKO, and KO lungs (WT and KO: n=3M, 3F; mMFS: n=3M, 4F; mMFSxKO: n=4M, 3F). Representative 
photomicrographs of CD68+ cell expression in lungs (H) and cumulative quantification of CD68+ cell expression per tissue area (I; n=3M, 3F). 
Data presented as median±IQR; whiskers denote minimum and maximum values. Sexes are indicated as symbols for males (▲) and females (●). 
Statistical analysis was performed by 2-way ANOVA with Sidak multiple comparisons (B–E, G and I) and P values reported for the following 
groups: WT vs mMFS, mMFS vs mMFSxKO, mMFSxKO vs KO, and WT vs KO, respectively. Scale bar represents 50 µm. Additional examples 
of biological replicates are provided in Figure S3.
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Figure 4. Lack of IL11 (interleukin-11) signaling in mouse model of Marfan Syndrome (mMFS) mice reduces pulmonary 
extracellular matrix modification and inflammation.
A, Heat map representation of mean gene expression, as determined by real-time polymerase chain reaction, for ECM (extracellular matrix) 
genes (Il11, Col1a1, Col3a1, Fn1, Mmp2, Mmp9, and Mmp12) and inflammatory genes (Il6, Tnfa, Ccl2, Ccl5, Il1a, Il1b, Cd11b, and Cd68) 
in lung lysates of 16-week-old WT, mMFS, mMFSxKO, and KO mice (n=6). Data are expressed as relative fold-change to controls with colour 
intensity indicating fold-change. Quantitative data are presented in Table S1. Representative immunoblots (B) and densitometric analyses of 
WT, mMFS, mMFSxKO, and KO lungs probed for IL11 (C), COL1A1 (D), COL3A1 (E), MMP2 (F), MMP9 (G), and MMP12 (H) normalized to 
GAPDH expression (MMP12: n=3M, 3F; others: n=4M, 4F). Representative immunoblots (I) and densitometry of WT, mMFS, mMFSxKO, and 
KO lungs probed for phosphorylated (p-) STAT3 (J) and ERK1/2 (K) normalized to their respective total expression (n=4M, 4F). Data shown 
are expressed as median±IQR; whiskers denote minimum and maximum values. Sexes are indicated as symbols for males (▲) and females (●). 
Statistical analysis was performed by 2-way ANOVA with Sidak multiple comparisons (C–H and J–K) and P values reported for the following 
groups: WT vs mMFS, mMFS vs mMFSxKO, mMFSxKO vs KO, and WT vs KO, respectively.
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Figure 5. Therapeutic inhibition of IL11 (interleukin-11) signaling with anti-IL11RA reduces lung disease in mouse model of 
Marfan Syndrome (mMFS).
A, Schematic diagram of antibody therapy protocol in WT and mMFS mice. B, Representative Masson’s trichrome (MT)-stained lung sections 
in 24-week-old mMFS+IgG mice demonstrates increased pulmonary fibrosis, airspace enlargement, and reduced elastin content as compared 
to WT mice and is partially restored with X209 treatment. Ashcroft scoring of pulmonary fibrosis (C) in MT-stained lung sections (WT: 
n=4M, 3F; mMFS+IgG and mMFS+X209: n=5M, 5F) and hydroxyproline content assessment (D) in lung lysates of WT, mMFS+IgG, and 
mMFS+X209 mice (n=5M, 5F). Quantification of airspace enlargement by mean linear intercept (MLI; E; WT: n=4M, 4F; (Continued )
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(X209), which we previously characterized,25,28,39 could 
reduce lung disease in mMFS mice compared with an 
IgG control antibody. We administered antibodies (20 
mg/kg, twice per week) to mMFS mice from 4 to 24 
weeks of age and compared terminal phenotypes with 
age-matched WT controls (Figure 5A). We have previ-
ously reported the pharmacokinetic properties of X20928 
and confirmed its bioavailability in the lungs following 
administration (Figure S5).

No evidence of sexual dimorphism in lung histo-
pathology parameters was observed in the antibody-
treated mMFS mice (Figure S6A through S6E), hence, 
analyses were conducted on pooled data for sex. By 
gross histology, mMFS mice treated with IgG control 
antibody had increased pulmonary fibrosis and emphy-
sema as compared to WT mice and these phenotypes 
were markedly reduced in mMFS mice receiving anti-
IL11RA (Figure 5B; Figure S7A). As expected, Ash-
croft scoring and hydroxyproline assay in mMFS+IgG 
mice revealed increased pulmonary fibrosis as com-
pared to WT controls (5-fold and 1.2-fold; P<0.0001 
and P=0.011, respectively; Figure 5C and 5D). Simi-
larly, indexes of emphysema by MLI and alveoli size 
were increased in mMFS+IgG mice as compared with 
WT controls (both P<0.0001; Figure 5E and 5F). As 
compared with mMFS+IgG, mMFS mice receiving anti-
IL11RA from 4 to 24 weeks of age had reduced Ash-
croft scores, a trend towards reduced hydroxyproline 
(P=0.14) and lesser airspace enlargement (Figure 5C 
through 5F). Furthermore, fragmentation of elastin 
fibres characterised by punctate appearance40 and 
reduced elastin area fraction in the mMFS+IgG lungs 
was rescued in mMFS+X209 mice (Figure 5G and 5H; 
Figure S7B). Similarly, elevated CD68+ cell infiltration 
in mMFS+IgG lungs was reduced in the anti-IL11RA 
group (P<0.0001), though remaining statistically ele-
vated as compared to WT mice (Figure 5I and 5J; Fig-
ure S7C).

To complement the molecular analyses used in our 
genetic studies (Figure 4), we determined the effects 
of therapeutic inhibition of IL11 signaling on ECM and 
proinflammatory gene pathways in the lungs of mice at 
the study end. As compared with WT mice, mMFS+IgG 
mice had statistically significantly increased expression 
of ECM related (P=3.8×10−15) and proinflammatory 
(P=4.2×10−13) genes and these effects were statistically 
significantly reduced in mMFS+X209 as compared with 
mMFS+IgG mice for both ECM related (P=1.6×10−13) 

and proinflammatory (P=5.4×10−10) genes (Figure 6A; 
Table S2).

Western blots of lung protein extracts showed that 
X209 reduced the levels of IL11, COL1A1, COL3A1, 
MMP2, MMP9, and MMP12 protein in mMFS lungs as 
compared with IgG treated mice (Figure 6B through 6H). 
This beneficial molecular profile was associated with 
lesser ERK1/2 activation but no statistically significant 
effect on STAT3 phosphorylation (Figure 6I through 6K).

DISCUSSION
In this study, we examined IL11 expression and func-
tional effects in the lungs of a mouse model of MFS. In 
mMFS mice, we found that IL11 is upregulated in vascu-
lar SMCs, ECs, and fibroblasts and that this is associated 
with emphysematous changes and fibrotic remodel-
ling of the lungs. We show that genetic or pharmaco-
logical inhibition of IL11 signaling partially reduces MFS 
lung pathology, which establishes a causal relationship 
between increased IL11 expression and pulmonary dis-
ease in MFS.

Disruption in FBN1 expression is associated with 
airspace enlargement and emphysematous lung dis-
ease in patients with MFS.40 In the Fbn1C1041G/+ lung, 
we observed fragmented elastic fibres with punctate 
appearance in the alveolar regions along with thicker 
alveolar septae. Mechanistically, the lack of functional 
FBN1 leads to elastin fibre fragmentation or degradation 
that reduces pulmonary recoil leading to enlargement of 
the airspace and emphysema. Additionally, elastin frag-
ments are known to recruit inflammatory cells such as 
neutrophils and macrophages,41–43 which produce elas-
tolytic enzymes such as MMP2, MMP9, and MMP12,44 
that further exacerbate emphysematous remodeling.

Elastase-type endopeptidases, such as MMP2 and 9, 
causes the loss of elastic fibres in the lung in chronic 
obstructive pulmonary disease.45,46 High pulmonary 
expression of MMP2 and 9 is also seen in apical bullae 
and blebs of patients with spontaneous pneumothorax47 
and bullae/blebs are seen in 10% of MFS patients and 
contribute to pneumothorax risk.48 Notably, MMP2 and 
9 were both elevated in the mMFS lungs in the current 
study and likely contribute to the elastic fiber degrada-
tion we observed. Additionally, elastase MMP12 that is 
predominantly secreted by alveolar macrophages and 
contributes to development of lung injury and emphy-
sema,49 was highly upregulated in mMFS lungs, and 

Figure 5 Continued. mMFS+IgG: n=5M, 5F; mMFS+X209: n=5M,6F) and alveolus size (F; WT: n=4M, 4F; mMFS+IgG: n=5M, 4F; 
mMFS+X209: n=5M, 6F) under histological assessment. Representative VVG staining of elastic fibres in lung sections (G) and cumulative 
quantification of elastin area fraction (H; WT: n=3M, 3F; mMFS+IgG: n=5M, 5F; mMFS+X209: n=4M, 5F). Representative photomicrographs 
of CD68-positive cell expression in lung sections (I) and cumulative quantification of CD68+ cell expression per tissue area (J; n=3M, 3F). 
Data shown are expressed as median±IQR; whiskers denote minimum and maximum values. Sexes are indicated as symbols for males (▲) and 
females (●). Statistical analysis was performed by 1-way ANOVA with Sidak multiple comparisons (C, E, H, and J), Welch ANOVA with Dunnett 
post-hoc and Kruskal-Wallis with Dunn multiple comparison (D) for the following groups: WT vs mMFS+IgG, mMFS+IgG vs mMFS+X209, 
and WT vs mMFS+X209 respectively. Scale bar represents 50 µm. Additional examples of biological replicates are provided in Figure S6.
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Figure 6. Therapeutic inhibition of IL11 (interleukin-11) signaling with anti-IL11RA reduces molecular pathology in mouse 
model of Marfan Syndrome (mMFS) lungs.
A, Heat map representation of mean gene expression, as determined by real-time polymerase chain reaction, for ECM (extracellular matrix) 
genes (Il11, Col1a1, Col3a1, Fn1, Mmp2, Mmp9, and Mmp12) and inflammatory genes (Il6, Tnfa, Ccl2, Ccl5, Il1a, Il1b, Cd11b and Cd68) 
in lung lysates of 24-week-old WT, mMFS+IgG, mMFS+X209 mice (n=6). Data are expressed as relative fold-change to controls with color 
intensity indicating fold-change. Quantitative data are presented in Table S2. Representative immunoblots (B) and densitometric analyses of 
WT, mMFS+IgG, mMFS+X209 lungs probed for IL11 (C), COL1A1 (D), COL3A1 (E), MMP2 (matrix metalloproteinase 2; F), (Continued )
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associated with increased macrophage infiltration, which 
was reduced by genetic or pharmacologic inhibition of 
IL11 signaling.

We have previously shown IL11 to be amongst the 
top upregulated genes in TGFβ-stimulated SMCs con-
tributing to ERK-dependent smooth muscle cell phe-
notypic switching in MFS aortopathy.25,26 Likewise, 
IL11 is strongly induced in TGFβ-stimulated lung 
fibroblasts and has strong fibrogenic and proinflam-
matory activities.24,29,37,50 In fibrotic lung injury, inhibition 
of IL11 reduced pulmonary fibrosis and lung infiltrates 
of profibrotic Ly6C+ve monocytes, macrophages, and 
neutrophils.29,37 Consistent with the anti-inflammatory 
and antifibrotic effects of IL11 inhibition, we observed 
reduced expression of proinflammatory cytokines, 
CD68+ve macrophages, and fibrosis-related genes in 
the lungs of mMFS when IL11 signaling was inhibited 
genetically or pharmacologically.

In mMFS lung, we found IL11 expression in smooth 
muscle and endothelial cells occurred prior to expres-
sion in fibroblasts and that IL11 was rarely detected in 
alveolar epithelial cells. These findings are consistent 
with a previous report suggesting that fibrillin-1 muta-
tions in the GT-8 Marfan mouse first affect the vascu-
lature, and smooth muscle regions of the conducting 
airways, before progressively affecting the alveolar con-
nective tissue and also data showing IL11 expression 
in the endothelium and smooth muscle cells in fibrotic 
lung disease.51,52 Taken together, these data suggest that 
pulmonary disease in the MFS originates in the broncho-
pulmonary vasculature and that IL11 plays an important 
role in this pathology.

Increased TGFβ signaling underlies, in part, the pul-
monary pathophysiology in MFS and direct or indirect 
inhibition of TGFβ signaling can reduce pulmonary 
emphysema and improve alveolar septation in mouse 

Figure 7. Schematic of the proposed association between IL11 ((interleukin-11) in Marfan syndrome associated lung pathology.
Created with BioRender.com on 08/09/2022. ACTA2 indicates actin alpha 2; AGER, advanced glycosylation end-product specific receptor; 
PDGFRA, platelet-derived growth factor receptor alpha; SFTPC, surfactant protein C; and TGFβ, transforming growth factor beta.

Figure 6 Continued. MMP9 (G), and MMP12 (H) normalized to GAPDH expression (MMP12: n=3M, 3F; others: n=4M, 3F). Representative 
immunoblots (I) and densitometric analyses of WT, mMFS+IgG, mMFS+X209 lungs probed for p-STAT3 (J) and p-ERK1/2 (K) normalized 
to their respective total expression (n=4M, 3F). Data shown are expressed as median±IQR; whiskers denote minimum and maximum values. 
Sexes are indicated as symbols for males (▲) and females (●). Statistical analysis was performed by 1-way ANOVA with Sidak multiple 
comparisons (C through I) and Welch ANOVA with Dunnett multiple comparison (J) for the following groups: WT vs mMFS+IgG, mMFS+IgG 
vs mMFS+X209, mMFS+X209 vs WT, respectively.
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models of MFS.11,12,21,22,36,53,54 Unfortunately, due to the 
pleiotropic effects of TGFβ,55,56 therapeutic inhibition 
of TGFβ itself is not possible in patients with MFS, or 
patients with other diseases, due to on-target proin-
flammatory toxicities.57 Given the favorable safety pro-
file associated with IL11 loss-of-function in mice and 
humans, it is possible that therapies targeting IL11 sig-
naling offer a new therapeutic approach in MFS.28,50,58

There are limitations to our study. Lung function 
assessment was not conducted. We did not observe 
evidence of sexual dimorphism across MFS-associated 
lung pathology indices as opposed to findings in the 
aorta,35 while acknowledging that sample sizes sepa-
rated for sex in the current study may not be sufficiently 
powered to detect small effect sizes. We did not study 
the effects of anti-IL11RA therapy on pulmonary artery 
dilatation in the Fbn1C1041G/+ mouse which has been pre-
viously reported to be elevated.59 It should be noted that 
neither the global knockout of IL11/RA nor the treat-
ment with anti-IL11/RA therapies are expected to alter 
blood pressure in mice.23,60 Inflammatory cell infiltrates 
in the mMFS lung were assessed by CD68 staining for 
macrophages and does not detect other immune cell 
types such as neutrophils which are known to contribute 
to emphysema.

CONCLUSIONS
In conclusion, IL11 is upregulated in Marfan lung, pri-
marily in the airways and vessels in early disease with 
further expression in fibroblasts, with disease progres-
sion. Therapeutic inhibition of IL11 signaling by genetic 
or antibody therapy protect against pulmonary emphyse-
matous disease in a mouse model of MFS. These data 
show that IL11 expression causes pulmonary disease in 
Marfan syndrome (Figure 7). IL11 signaling was recently 
shown to underlie aortic disease in MFS,25 and we sug-
gest IL11 as a therapeutic target for treating multiorgan 
disease in Marfan Syndrome.
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