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Abstract
In fibroblasts, TGFβ1 stimulates IL11 upregulation that leads to an autocrine loop of
IL11-dependent pro-fibrotic protein translation. The signalling pathways downstream
of IL11 are contentious and both STAT3 and ERK have been implicated. Here we
show that TGFβ1- or IL11- induced ERK activation is consistently associated with
fibrogenesis whereas STAT3 phosphorylation (pSTAT3) is unrelated to fibroblast
activation. Surprisingly, recombinant human IL11, which has been used extensively
in mouse experiments to infer STAT3 activity downstream of IL11, non-specifically
increases pSTAT3 in Il11ra1 null mouse fibroblasts. Pharmacologic inhibition of
STAT3 prevents TGFβ1-induced fibrogenesis but this effect was found to reflect
fibroblast dysfunction due to severe proteotoxic ER stress. In contrast, inhibition of
MEK/ERK prevented fibrosis in the absence of ER stress. TGFβ1-stimulated
ERK/mTOR/P70RSK-driven protein translation was IL11-dependent and selectivity
for pro-fibrotic protein synthesis was ascribed to an EPRS-related mechanism. In
TGFβ1-stimulated fibroblasts, the anti-fibrotic drug nintedanib caused
dose-dependent ER stress, reduced pSTAT/pERK and inhibited pro-fibrotic protein
translation, similarly to generic STAT3 inhibitors or ER stressors. Pirfenidone, while
anti-fibrotic, had no effect on ER stress whereas anti-IL11 inhibited the ERK/mTOR
axis while reducing ER stress. These studies discount a specific role for STAT3 in
pro-fibrotic signaling, suggest a novel mechanism of action for nintedanib and
prioritise further the IL11 pathway as a therapeutic target for fibrosis.

Introduction
TGFβ1 is one of the most studied human genes and has long been regarded as the
dominant fibrogenic factor (Dolgin, 2017). While canonical TGFβ1-driven SMAD
activation is central to its activity in fibroblasts, increased protein translation through
non-canonical pathways is also important (Chaudhury et al., 2010; Schwarz, 2015;
Zhang, 2017). TGFβ1-driven ERK activation has long been recognised as important
and more recently STAT3 has been proposed as  “a key integrator of profibrotic
signalling” (Chakraborty et al., 2017; Dees et al., 2012; McHugh, 2017; Zhang,
2017). In 2017, we showed that autocrine IL11 activity is required downstream of
TGFβ1-stimulated SMAD activation for fibroblast-to-myofibroblast transformation
(Schafer et al., 2017). Intriguingly, the fibrogenic effects of IL11 across stromal cell
types are evident only at the translational level (Cook and Schafer, 2020; Lim et al.,
2020; Widjaja et al., 2019).

IL11 is a little studied and rather misunderstood member of the IL6 family of
proteins (Cook and Schafer, 2020; Widjaja et al., 2020). To signal, IL6 family
cytokines bind to their cognate alpha receptors and the receptor:ligand complexes
then bind to the common gp130 receptor. Canonical gp130 signaling involves its
auto-phosphorylation, recruitment of Janus kinases, STAT3 activation and STAT3
target gene transcription. It thus follows that STAT3 activity could underlie the
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pro-fibrotic effects of IL11:IL11RA:gp130 signaling in fibroblasts. However, this notion
is incongruent with the fact that IL11 does not regulate gene transcription in stromal
cells (Cook and Schafer, 2020; Lim et al., 2020; Widjaja et al., 2019).

Here, using neutralizing antibodies, studies of fibroblasts from Il11ra1 mice,
and pharmacological approaches we disentangle fibrogenic effects from non-specific
signaling events downstream of TGFβ1 or IL11 and identify the mechanisms
underlying IL11-driven pro-fibrotic gene translation. We then apply our findings to
better understand the anti-fibrotic activities of pirfenidone and nintedanib, drugs
approved for the treatment of fibrotic human diseases whose mechanisms of action
(MOA) remain unclear (Roth et al., 2015; Schaefer et al., 2011).

Results
Fibrogenesis is associated with IL11-induced ERK but not STAT3 activation
We profiled primary human cardiac fibroblasts (HCFs) stimulated with TGFβ1 over a
24 h period and observed rapid and sustained phosphorylation of SMAD2, bi-phasic
activation of ERK (pERK), and late activation of STAT3 (pSTAT3)(Fig 1A and S1A).
HCFs progressively secreted IL11 over a time course following TGFβ1 stimulation,
with marked upregulation by 24h (Fig S1B). Immunofluorescence (IF) staining
revealed coexpression of IL11RA and gp130 in early passage of HCFs, consistent
with autocrine IL11 signaling in HCFs (Fig 1B).

To study the functional relevance of TGFβ1- or IL11-induced ERK and/or
STAT3 activation, we stimulated HCFs with TGFβ1 in the presence of neutralizing
IL11 or IL11RA antibodies that were specifically developed to inhibit in vitro fibrosis
phenotypes, agnostic of the underlying pathways (Widjaja et al., 2021, 2019). In
TGFβ1-stimulated HCFs, inhibition of IL11 signalling using either anti-IL11 or
anti-IL11RA prevented ERK phosphorylation (at the 24h time point) but had no effect
on STAT3 activity (Fig 1C). Downregulation of ERK activity by anti-IL11 or
anti-IL11RA was coincident with a reduction in TGFβ1-stimulated fibroblast-to
myofibroblast transformation, as evident from lesser ⍺SMA and Collagen expression
(Fig 1C-D and S1C-E).

IL11-stimulated HCFs also exhibited ERK activation, which mirrored the effect
seen with TGFβ1 (Fig 1E). IL11 activated STAT3 in HCFs but its phosphorylation
pattern differed from TGFβ1 with an early (15m) increase followed by progressively
lower levels. We then stimulated HCFs with a physiological (10ng/ml) or
supra-physiological (1000 ng/ml) dose of IL11. ERK was maximally activated with
physiological IL11 levels, whereas STAT3 phosphorylation was most pronounced at
very high IL11 concentration, questioning the specificity of IL11-stimulated pSTAT3
(Fig 1F).

We next studied the effects of anti-IL11 or anti-IL11RA as compared to a
commercial anti-IL11 (MAB218), which inhibits cardiac fibroblast-to-myofibroblast
transformation (Schafer et al., 2017), as well as a gp130-neutralizing clone (Fig
S1F). IL11-induced ERK phosphorylation was similarly inhibited by all four
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neutralizing antibodies (Fig 1G-H and S1G). In contrast, MAB218 or anti-IL11RA
reduced only ERK phosphorylation but did not prevent STAT3 phosphorylation (Fig
1G-H and S1G-H). In IL11 stimulated HCFs, anti-IL11 (two separate clones),
anti-IL11RA, and anti-gp130 equally inhibited fibrogenesis as compared to control,
as evident from ⍺SMA and Collagen expression levels (Fig 1H-I and S1I-K).

Taken together these data confirm and extend the evidence showing that
TGFβ1-induced fibrogenesis is IL11:IL11RA:gp130-dependent. They also show that
TGFβ1/IL11-stimulated ERK activation is consistently associated with fibrogenesis,
whereas STAT3 phosphorylation is not.

Non-specific effects of high concentration human IL11 in mouse fibroblasts
There are discrepancies in the literature relating to the downstream mediators of
IL11, which may relate to the use of recombinant human IL11 (rhIL11) in mouse
experiments (Cook and Schafer, 2020). We stimulated primary mouse cardiac
fibroblasts (MCFs), which coexpress IL11RA1 and gp130 (Fig 1J), with either rhIL11
or recombinant mouse IL11 (rmIL11) over a dose range (ng/ml: 10, 100, 1000) for
15m or 24h. In MCFs, species-matched rmIL11 activated ERK activation with
maximal phosphorylation observed at the lowest concentration tested (10ng/ml).
rmIL11 also induced STAT3 activation with most notable effects at very high IL11
concentration (1000ng/ml) (Fig 1K). In contrast, species-unrelated rhIL11 did not
activate ERK in MCFs but instead induced STAT3 phosphorylation when used at
high concentrations (≥100ng/ml) (Fig 1K).

We studied the species-specific effects in more detail using rhIL11 or rmIL11
on MCFs isolated from Il11ra1 null mice (Il11ra1-/-) or wild-type (WT) controls. rmIL11
resulted in STAT3 phosphorylation in WT MCFs at higher doses (>100ng/ml) but did
not activate STAT3 in Il11ra1-/- cells (Fig 1L). In WT cells, rmIL11 induced ERK
activation and ⍺SMA upregulation at low concentration (10ng/ml), but had no effect
on pERK, pSTAT3 of fibrogenesis in Il11ra1-/- MCFs (Fig 1M). In contrast, rhIL11
activated STAT3 in both Il11ra1-/- and WT fibroblasts when used at high
concentrations but had no effect on ERK activation (Fig 1L-M). Irrespective of its
effects on pSTAT3, rhIL11 did not stimulate fibrosis in MCFs of any genotype.

Overall, these data show unexpected effects of species-unrelated rhIL11 in
MCFs. While rhIL11 does not induce pERK or stimulate fibrogenesis in MCFs, high
concentrations activate STAT3 in both WT and Il11ra1-/- fibroblasts. This suggests
direct, non-specific binding of high dose rhIL11 to mouse gp130, independent of
IL11RA1 (Fig 1N).
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Figure 1 TGFβ1-/IL11-driven fibrogenesis is coincident with activation of ERK, unrelated to
STAT3 phosphorylation and shows species-specific effects. (A) Western blots of ERK and STAT3
activation in TGFβ1-stimulated HCFs over a time course. (B) Representative immunofluorescence
(IF) images of IL11RA, and gp130 expression in HCFs (scale bars, 100 µm). (C-D) (C) Western blot
analysis of p-ERK, ERK, p-STAT3, STAT3, and ⍺SMA and (D) IF images of Collagen I staining in
TGFβ1-stimulated HCFs in the presence of either IgG, anti-IL11, or anti-IL11RA. (E) Western blots of
ERK and STAT3 activation status in IL11-stimulated HCFs over a time course. (F) Western blots
showing ERK and STAT3 activation status in HCFs following stimulation with low and high dose IL11.
(G-I) Effects of anti-IL11, anti-IL11RA, or anti-gp130 on inhibiting (G-H) ERK and STAT3 activation
and (I) Collagen I Induction in IL11-stimulated HCFs. (J) IF images (scale bars, 100 µm) of IL11RA
and gp130 in MCFs isolated from wild-type (WT) and Il11ra1-/- mice. (K-M) Dose-dependent effects of
rmIL11 and rhIL11 on (K) ERK and STAT3 activation status in wild-type (WT) MCFs, on (L) STAT3
activation (15 m) and (M) ERK activation and ⍺SMA expression (24h) in WT and Il11ra1-/- MCFs. (N)
Schematic showing the effects of rmIL11 or rhIL11 on signaling and fibrosis in mouse fibroblasts. (A-I)
primary HCFs; 24h, (J-M) primary MCFs, (A-M) IL11/TGFβ1 (10 ng/ml), unless otherwise specified.
BL: Baseline.

Inhibition of STAT3 activity results in fibrogenesis-related ER stress causing
fibroblast dysfunction and death.

To dissect matters further, we examined the effects of pharmacologic
inhibition of either ERK (U0126) or STAT3 (S3I-201) in fibroblasts stimulated with
IL11. Surprisingly, inhibition of STAT3 was equally effective in preventing fibrogenesis
as ERK inhibition (Fig 2A-D). This was unexpected given our earlier findings (Fig 1)
but consistent with the literature (Chakraborty et al., 2017; Dees et al., 2012).
However, while U0126 inhibited IL11-induced ERK but not STAT3 phosphorylation,
S3I-201 inhibited both STAT3 and ERK activation, which should not occur with
selective inhibition (Fig 2E).

STAT3 activity has been associated with reduced endoplasmic reticulum (ER)
stress that occurs with proteotoxicity (Song et al., 2020). We thus examined ER
stress in IL11 stimulated HCFs and observed that ERK inhibition with U0126 reduced
⍺SMA induction in the absence of proapoptotic ER stress (CHOP induction and
Caspase3 cleavage) (Fig 2E). In contrast, S3I-201 inhibited both ERK and STAT3,
below baseline, and induced proapoptotic ER stress, which was associated with
lesser ⍺SMA expression (Fig 2E). Informed by dose-finding experiments (Fig S2A),
we used a second STAT inhibitor (Stattic) (Schust et al., 2006). Stattic, like S3I-201,
prevented TGFβ1 or IL11-induced fibrogenesis (Fig 2F-I and S2B) and caused cell
death (S2C).

Fibroblasts stimulated with pro-fibrotic factors synthesise and secrete large
amounts of extracellular proteins that causes a degree of ER stress, which is
compensated for by specific chaperone proteins (Baek et al., 2012; Maiers et al.,
2017). In keeping with this, the adaptive ER stress proteins XBP1-S and BIP were
mildly upregulated in TGFβ1 or IL11-stimulated HCFs (Fig 2J). However, in the
presence of S31-201 or Stattic, TGFβ1 or IL11 resulted in much more severe and
pro-apoptotic ER stress (Fig 2J).
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As anti-IL11 or anti-IL11RA inhibit IL11-dependent pro-fibrotic protein
translation, these antibodies should limit proteotoxic ER stress in HCFs stimulated
with pro-fibrotic factors. Indeed, we found that anti-IL11 or anti-IL11RA lowered BIP
and XBP1-S expression (Fig 2K) in TGFβ1-stimulated HCFs, thus lowering
proteotoxic ER stress overall  (Fig S2D).

The relationship between ER stress and fibrogenesis was further studied
using the generic ER stress activators (thapsigargin or tunicamycin), which robustly
inhibited TGFβ1-induced fibrogenesis (⍺SMA and Collagen I expression) (Fig 2L-M).
When given alone, thapsigargin or tunicamycin caused ER stress, as evidenced by
elevated BIP, XBP1-S, CHOP and Caspase 3 cleavage, which was increased further
with ER protein loading (e.g. with collagen) following TGFβ1 or IL11 stimulation.
Interestingly, these generic ER stressors specifically reduced pSTAT3 (but not pERK)
levels below baseline when used alone or in combination with TGFβ1 or IL11 (Fig
2M).

Taken together these data show that inhibition of IL11-dependent ERK
signaling in TGFB1 stimulated fibroblasts reduces pro-fibrotic gene translation and
ER stress. In contrast, inhibition of pSTAT3 causes severe ER stress resulting in
fibroblast dysfunction that non-specifically prevents myofibroblast transformation, as
seen with generic ER stressors.
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Figure 2 Inhibition of STAT3 in TGFβ1- or IL11-stimulated fibroblasts causes ER stress-related
fibroblast dysfunction mimicking effects of generic ER stressors. (A-E) Effects of U0126 or
S3I-201 on rhIL11-stimulated HCFs. (A-B) IF images (scale bars, 100 µm) and (C-D) quantification of
⍺SMA+ve cells and Collagen I immunostaining. (E) Western blots showing ERK, STAT3, and Caspase3
activation status and ⍺SMA and CHOP protein expression. (F-I) Quantification of (F and G) ⍺SMA+ve

cells and (H and I) Collagen I immunostaining following stimulation with (F and H) rhIL11 or (G and I)
TGFβ1 in the presence of Stattic. (J) Effects of S3I-201 or Stattic on the activation of ERK, STAT3,
and Caspase3 and on the expression of ⍺SMA, CHOP, and XBP1-S at baseline and in TGFFβ1- or
IL11-stimulated HCFs. (K) Western blots of BIP and XBP1-S from IgG/anti-IL11/anti-IL11RA-treated
TGFβ-stimulated HCFs. (L-M) (L) Representative IF images (scale bars, 100 µm) of ⍺SMA+ve cells
and Collagen I and (M) Western blot analysis of pERK, ERK, pSTAT3, STAT3, ⍺SMA, BIP, XBP1-S,
CHOP, Cleaved Caspase3, Caspase3, and GAPDH from TGFβ1- or rhIL11- stimulated HCFs.(A-M)
primary HCFs; 24h; rhIL11/TGFβ1 (10 ng/ml), U0126 (10 µM), S3I-201 (20 µM), Stattic (2.5 µM),
IgG/anti-IL11/anti-IL11RA (2 µg/ml), Tunicamycin (5 µg/ml), Thapsigargin (300 nM). (C-D, F-I) Data
are shown as box-and-whisker with median (middle line), 25th–75th percentiles (box) and min-max
percentiles (whiskers); one-way ANOVA with Tukey’s correction. BL: Baseline

TGFβ1-stimulated protein synthesis is IL11-/ERK- and mTOR-dependent
We next examined protein synthesis using the OP-Puro Protein Synthesis Assay
(Fig 3A). IL11 alone was sufficient to induce protein synthesis in HCFs (Fig 3B).
Moreover, TGFβ1-stimulated protein synthesis was IL11-dependent and addition of
either anti-IL11 or anti-IL11RA was equally effective in inhibiting this (Fig 3C-D).

Activation of p70S6K is a signalling convergence for canonical protein
synthesis pathways that include MEK/ERK, PI3K and AMPK, among others (Wang et
al., 2001). Stimulation of HCFs with TGFβ1 resulted in biphasic phosphorylation of
p70S6K and of its downstream target S6 ribosomal protein (S6RP) (Fig 3E). The
effects of IL11 stimulation differed slightly with progressive phosphorylation of
p70S6K and S6RP over the time course with maximal activation at 24h (Fig 3F). We
examined whether TGFβ1-induced p70S6K activation was IL11-dependent, which
proved to be the case (Fig 3G).

The central importance of ERK activation for TGFβ1- or IL11-induced p70S6K
activity was apparent from experiments using the MEK inhibitor U0126 (Fig 3H). To
explore the pathway components between ERK and p70S6K, we inhibited mTOR
with rapamycin and compared its effects with wortmannin. Wortmannin had no effect
on p70S6K or S6RP phosphorylation, ruling out a role for PI3K/AKT. In contrast,
rapamycin inhibited phosphorylation of mTOR, as expected, and also p70S6K and
S6RP activation (Fig 3I), similar to effects seen with U0126 (Fig 3H). This places
mTOR activation downstream of IL11-induced MEK/ERK phosphorylation and
upstream of p-p70S6K.
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Figure 3 TGFβ1- and IL11-stimulated protein synthesis is ERK- and mTOR-dependent. (A)
Schematic for experiments shown in B-D. (B-D) (B-C) Immunofluorescence images (scale bars, 100
µm) and (D) quantification of Alexa Fluor™ 488 - OPP signal in HCFs following treatments shown in
A. (E-G) Western blots of p-p70S6K (T389), p70S6K, p-S6RP, S6RP from (E) TGFβ1 or (F)
rhIL11-stimulated HCFs over a time course and on (G) IgG, anti-IL11, or anti-IL11RA-treated
TGFβ1-stimulated HCFs. (H) Effects of U0126 on TGFβ1 or rhIL11-induced ERK, p70S6K (T389),
and S6RP activation. (I) Comparison effects of Rapamycin, Wortmannin, and U0126 on
rhIL11-induced ERK, mTOR, p70S6K, and S6RP activation. (B-I) primary HCFs; IL11/TGFβ1 (10
ng/ml), OPP (20 µM), CHX (100 µg/ml), IgG/anti-IL11/anti-IL11RA (2 µg/ml), U0126 (10 µM),
Rapamycin (10 nM), Wortmannin (1µM); (B-D) 8h, (G-I) 24h. (D) Data are shown as box-and-whisker
with median (middle line), 25th–75th percentiles (box) and min-max percentiles (whiskers); one-way
ANOVA with Tukey’s correction.

IL11 stimulates translation of proline-rich fibrosis genes via EPRS
IL11 promotes the translation of pro-fibrotic ECM proteins and of itself but does not
non-specifically increase translation of all proteins (Cook and Schafer, 2020; Schafer
et al., 2017). Glutamyl-prolyl-tRNA synthetase (EPRS) is important for
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TGFβ1-stimulated translation of proline-rich proteins, such as collagen, in cardiac
fibroblasts (Wu et al., 2020). It is also known that EPRS is phosphorylated by
p70S6K that can have non-canonical effects on EPRS function (Arif et al., 2017).
This prompted us to examine whether EPRS has a role in IL11-stimulated protein
synthesis.

IL11 stimulates its own translation in an autocrine loop and if this were related
to EPRS activity then IL11 would need to be proline-rich itself. Examination of human
and mouse IL11 revealed a high proline content of both molecules, 11.6% and 8.5 %
of amino acids, respectively (Fig 4A and S3). Of note, there are four PP and three
PPP motifs in human IL11, which are also common in collagen, that cause ribosomal
stalling and require EPRS and EIF5A activity for continued translation (Doerfel et al.,
2013; Mandal et al., 2014).

We incubated HCFs with the EPRS inhibitor halofuginone in the presence of
TGFβ1 or an IL11:IL11RA fusion construct (HyperIL11), which is not detected by IL11
ELISA (Schafer et al., 2017), and measured IL11 levels in the supernatant.
Halofuginone reduced IL11 secretion downstream of either TGFβ1 or HyperIL11
stimulation (Fig 4B). Collagen has multiple PPG motifs and we confirmed its
induction by TGFβ1 is EPRS-dependent while extending findings to show that
IL11-induced collagen secretion also requires EPRS activity (Fig 4C-D).

The specificity of halofuginone inhibition of EPRS is established (Keller et al.,
2012) but to further confirm our findings we used siRNA. Knockdown of EPRS in
HCFs using silencing RNAs against EPRS (siEPRS) was confirmed at the RNA and
protein level, as compared to non-targeting siRNA (siNT) (Fig 4E-F). As seen with
halofuginone, siEPRS reduced TGFβ1- or HyperIL11-induced IL11 secretion and
collagen production (Fig 4G-I).

Here, we confirmed that collagen synthesis requires EPRS for its translation,
identify IL11 as a proline rich molecule containing ribosome stalling motifs and show
that EPRS activity underlies IL11 translation.
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Figure 4 IL11 promotes the translation of proline-rich fibrosis genes, including itself, through
EPRS activity. (A) Amino acid sequence of human IL11, proline residues highlighted in yellow. (B)
IL11 levels in the supernatant following TGFβ1 or HyperIL11 stimulation in the presence of
Halofuginone (Halo) or Cycloheximide (CHX). (C-D) (C) Quantification and (D) immunofluorescence
images (scale bars, 100 µm) of Halofuginone-treated TGFβ1/IL11-stimulated HCFs for Collagen I
staining. (E-F) (E) EPRS mRNA and (F) EPRS protein expression levels after knockdown using
siEPRS. (G-I) (G) IL11 levels in the supernatant, (H) quantification, and (I) immunofluorescence
images (scale bars, 100 µm) of Collagen I in stimulated HCFs subjected to siEPRS. (B-I) primary
HCFs; IL11/TGFβ1/HyperIL11 (10 ng/ml), Cycloheximide (CHX, 100 µg/ml), Halofuginione (100 nM),
non-targeting siRNA (siNT)/EPRS siRNA (siEPRS) (12.5 nM); 24h. (B-C, G-H) Data are shown as
box-and-whisker with median (middle line), 25th–75th percentiles (box) and min-max percentiles
(whiskers); one-way ANOVA with Tukey’s correction; (E) Data are shown as mean ± SD, 2-tailed
t-test.

Effects of nintedanib, pirfenidone or anti-IL11 on signaling
Pirfenidone and nintedanib are approved drugs for the treatment of fibrotic

lung disease but the MOA of these drugs are poorly understood (Roth et al., 2015;
Schaefer et al., 2011). Using insights from the experiments described above, we
examined the effects of pirfenidone or nintedanib as compared to anti-IL11 in HCFs
or lung fibroblasts stimulated with TGFβ1.
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In TGFβ1-stimulated HCFs, nintedanib reduced pERK to baseline and
pSTAT3 below baseline while inhibiting protein synthesis (p-mTOR, p-p70S6K and
pS6RP) and reducing ⍺SMA levels (Fig 5A). Unexpectedly, nintedanib caused ER
stress as evidenced by increased BIP, XBP1-S, CHOP, and cleaved Caspase 3
levels, similar to that seen with S31-201 or the ER stressors,
thapsigargin/tunicamycin (Fig 2).

In contrast, pirfenidone mildly diminished pERK and pSTAT3 and had limited
effect on pmTOR, p-p70S6K or pS6RP as compared to nintedanib or anti-IL11.
Furthermore, pirfenidone was not associated with increased ER stress over TGFβ1
treatment alone. Anti-IL11 recapitulated earlier findings: inhibiting protein synthesis
while lowering TGFβ1-induced proteotoxic ER stress (Fig 2 and 3). In addition,
anti-IL11 reduced nintedanib-associated ER stress when used in combination (Fig
5A).

Nintedanib is not known to cause ER stress and while the concentration we
used (2µM) is similar to that commonly applied (Wollin et al., 2015), we probed
matters further using a dose-response (nintedanib: 16µM-7.8nM; 4-fold dilutions)
(Fig 5B). Nintedanib at a concentration up to 16µM had no effect on ER stress in
quiescent fibroblasts. However, in TGFβ1-stimulated HCFs, nintedanib began to
inhibit ⍺SMA expression at 125nM and complete inhibition was observed at 2µM.
Over the same concentration range, BIP was progressively induced and at the
higher end of the range (0.5µM and 2µM), pro-apoptotic ER stress (CHOP/cleaved
Caspase3) upregulation was more apparent. Nintedanib also inhibited pERK and
pSTAT in a dose-dependent manner, which was inversely related to the induction of
ER stress markers.

The MOA of Nintedanib is thought through inhibition of PDGF and FGF
signaling in fibroblasts. We thus examined the effects of Nintedanib on
PDGF-stimulated HCF signaling and observed very similar effects to those seen with
TGFβ1 stimulation: lesser pSTAT and pERK as well as induction of pro-apoptotic ER
stress, which was associated with lesser ⍺SMA induction (Fig 5C).

Experiments were repeated in TGFβ1-stimulated human lung fibroblasts to
exclude organ-of-origin-specific effects in fibroblasts (Fig 5D). In lung fibroblasts,
nintedanib reduced pSTAT3 below baseline, diminished pERK and limited synthesis
of ⍺SMA while inducing pro-apoptotic ER stress, which was lesser with
co-administration of anti-IL11. Pirfenidone slightly reduced pERK and pSTAT3 and
had lesser effects on the protein synthesis pathway than nintedanib or anti-IL11, as
seen in HCFs. Pirfenidone reduced ⍺SMA expression, as expected, but had no
effect over TGFβ1 on markers of ER stress.

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 10, 2021. ; https://doi.org/10.1101/2021.06.10.447846doi: bioRxiv preprint 

https://paperpile.com/c/QTOVHN/eOea
https://doi.org/10.1101/2021.06.10.447846
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 5 Nintedanib, Pirfenidone and anti-IL11 have different anti-fibrotic mechanisms of
action in fibroblasts. (A&D) Western blots showing activation status of ERK, STAT3, mTOR,
p70S6K (T389), S6RP, and Caspase3, and protein expression of ⍺SMA, BIP, XBP1-S, and CHOP
following treatment with nintedanib, pirfenidone, IgG, anti-IL11, a combination of nintedanib, anti-IL11,
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U0126 or S3I-201 from TGFβ1-stimulated (A) HCFs and (D) human lung fibroblasts. (B) Western
blots of p-ERK, ERK, p-STAT3, STAT3, BIP, CHOP, Cleaved Caspase 3, Caspase 3, and GAPDH
from HCFs treated with different concentrations of nintedanib in the absence or presence of TGFβ1.
(C) Western blots of p-ERK, ERK, p-STAT3, STAT3, BIP, CHOP, Cleaved Caspase 3, Caspase 3,
XBP1-S, and GAPDH from PDGF-stimulated HCFs. (E) Schematic overview and timeline of key
pro-fibrotic events that occur downstream of TGFβ1-stimulation in human fibroblasts. (A-C) primary
HCFs, (D) primary human lung fibroblasts. (A-D) 24 hours; IL11/TGFβ1 (10 ng/ml), IgG/anti-IL11 (2
µg/ml), nintedanib (2 µM), pirfenidone (0.3 mg/ml), U0126 (10 µM), S3I-201 (20 µM), unless otherwise
specified.

Discussion
In this study, we set out to identify the signaling pathways by which TGFβ1-induced
IL11 activity increases profibrotic gene translation. In particular, we wished to dissect
the relative contributions of ERK from STAT3 downstream of IL11. IL11 is a little
studied and somewhat misunderstood cytokine (Cook and Schafer, 2020; Widjaja et
al., 2020), as exemplified by publications on cardiac and renal fibrosis where it was
originally [and erroneously] reported as anti-fibrotic (Obana et al., 2010). We have
speculated that confusion relating to IL11 biology in general, and IL11-related STAT3
phosphorylation in particular, may stem from the use of human IL11 in murine cells
and models, as noted previously (Cook and Schafer, 2020; Widjaja et al., 2020).

Here we show that species-matched IL11 transiently increases pSTAT3 and
TGFβ1 induces late onset STAT3 phosphorylation in fibroblasts, but these events are
unrelated to fibrosis. Notably, rhIL11 activates STAT3 in both WT and I11ra1-deleted
MCFs by binding directly to gp130 but does not activate ERK, which rmIL11 does.
This ‘off-target’ effect of rhIL11 on pSTAT3 in mouse cells is exacerbated by the
recent finding that rhIL11 paradoxically antagonises endogenous IL11 signaling in
mouse models of disease (Widjaja et al., 2021). To confound matters further, IL11RA
is rapidly lost from fibroblasts in culture, even at early passage, and very high doses
of rhIL11 are often used in mouse experiments.

In phenotypic studies, we were puzzled to observe that STAT3 inhibition
prevented fibrogenesis, which was not consistent with our signalling data, but we
noted that S31-201 reduced ERK phosphorylation. This could reflect complexities of
signal pathway cross-talk or more generalised fibroblast dysfunction as inhibition of
STAT3 is linked with pro-apoptotic ER stress (Song et al., 2020). TGFβ1 or IL11
stimulation resulted in mild proteotoxic ER stress, as expected, but this homeostatic
mechanism transitioned to pro-apoptotic ER stress with STAT3 inhibition. Tellingly,
incubation of HCFs with thapsigargin or tunicamycin resulted in severe ER stress
and inhibited fibrogenesis when administered with TGFβ1 or IL11. Hence, while we
confirm that inhibition of STAT3 reduces fibrosis in keeping with the literature (Dees
et al., 2012; McHugh, 2017), this effect appears ER-stress related and non-specific.

In contrast to the effects of STAT3 inhibitors, anti-IL11 or anti-IL11RA reduced
both fibrogenesis and ER stress in TGFβ1-stimulated HCFs. Inhibition of IL11
signalling was associated with lesser pERK but not pSTAT3 and mimicked the
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antifibrotic effects seen with the MEK/ERK inhibitor, U0126. We confirmed that IL11
is centrally important for protein translation in TGFβ1-stimulated HCFs and showed
that activation of mTOR, P70S6K and S6RP is both IL11-dependent and ERK-driven.
Our data identify IL11-stimulated ERK-dependent activation of mTOR as a major
mechanism for the translational effects of IL11 (Fig 5E). Whether ERK activates
mTOR directly or there is greater upstream complexity, remains to be elucidated (Du
et al., 2008).

Protein synthesis is the most energy-intensive process in growing cells and
thus performed in a selective manner (Buttgereit and Brand, 1995). In fibroblasts,
EPRS, the bifunctional glutamate/proline tRNA ligase, specifically controls translation
of proline rich ECM genes, such as collagen (Wu et al., 2020). We found that IL11
has an unusually high proline content and encodes motifs associated with ribosome
stalling that require EPRS and eIF5A for efficient translation (Doerfel et al., 2013). As
with collagen, we found that IL11 requires EPRS, a P70S6K target (Arif et al., 2017),
for its translation and secretion, which is thus coordinated with that of ECM proteins
during fibrogenesis.

Nintedanib was first developed as an anticancer drug and pirfenidone for
inflammation and it was only later that these drugs were found to have anti-fibrotic
effects (Roth et al., 2015; Schaefer et al., 2011). Nintedanib is a receptor tyrosine
kinase inhibitor (TKI), with activity against VEGFR, PDGFR and FGFR with IC50
values of 13-34nM, 59-65nM and 37-108nM, respectively (Hilberg et al., 2008).
Nevertheless, in a panel of 33 additional kinases, nintedanib additionally inhibits
Flt-3, Lck, Lyn and Src with IC50 values of 26, 16, 196 and 156nM respectively
(Hilberg et al., 2008). Whereas pirfenidone is thought to have antioxidant activity.
The anti-fibrotic MOA of both drugs remains an issue of much debate.

In TGFβ1- or PDGF-stimulated fibroblasts, nintedanib reduced pSTAT3 below
baseline, which was accompanied by induction of pro-apoptotic ER stress. These
features were similar to those seen with the use of either STAT3 inhibitors or ER
stressors. Interestingly, haloperidol was recently shown to inhibit TGFβ1-induced
fibroblast activation and its MOA related to the induction of ER stress (Rehman et al.,
2019). The mechanism and directionality by which nintedanib inhibits pSTAT3 and
induces ER stress remain to be determined but could relate to TKI activity against,
perhaps ER-localised, JAK. We propose that nintedanib’s anti-fibrotic MOA in
TGFβ1-stimulated fibroblasts is perhaps due to induction ER stress. However, it
should be recognised that nintedanib concentrations equivalent to its  Cmax in patients
(~25nM (Wind et al., 2019)) had no effect on fibroblast activation in our assays and a
fibroblast-independent MOA may be relevant for therapeutic effect.

Here we dissected the pro-fibrogenic translational-specific signaling activity
downstream of IL11 and show the ERK/mTOR/p70S6K axis to be of importance
while discounting a role for STAT3. We end by proposing therapeutic inhibition of
IL11 as an alternative approach for treating fibrosis that leverages a MOA that is
differentiated from those of approved anti-fibrotic drugs. Given the safety data
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evident from humans and mice with IL11RA or IL11 loss of function and the lack of
toxicities with long term anti-IL11 administration (Widjaja et al., 2020, 2019), it is
hoped that IL11-targeting approaches may have lesser side effects than current
therapies.

Data availability
All data are provided in the main manuscript or as supporting information.
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