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Take home message: Our work demonstrates that TRIM33 has a protective role against
fibrogenesis. TRIM33 inhibits the TGF-B1 pathway through a direct association with HSPB5
which impairs its activity. We believe that the interactions between TRIM33, SMAD4 and

HSPB5 may represent a key target to prevent the progression of pulmonary fibrosis.



Abstract

Rationale: Idiopathic pulmonary fibrosis (IPF) is a devastating disease characterized by
myofibroblast proliferation and abnormal extracellular matrix (ECM) accumulation in the
lungs. Transforming-growth-factor (TGF)-B1 initiates key profibrotic signaling involving the
SMADs pathway and the small heat shock protein aB-crystallin (HSPB5). TRIpartite Motif-
containing 33 (TRIM33) has been reported to negatively regulate TGF-B/SMADs signaling but

its role in fibrogenesis remains unknown.

Objectives: To elucidate the role of TRIM33 in IPF.

Methods: TRIM33 expression was assessed in the lungs of IPF patients and rodent fibrosis
models. Bone Marrow-derived Macrophages (BMDM), primary lung fibroblasts and 3D-lung
tissue slices were isolated from Trim33-floxed mice and cultured with TGF-B1 or bleomycin
(BLM). Trim33 expression was then suppressed by adenovirus—Cre recombinase (AdCre).
Pulmonary fibrosis was evaluated in hematopoietic-specific Trim33 knock-out (KO) mice and

in Trim33-floxed mice that received AdCre and BLM intratracheally.

Results: TRIM33 was overexpressed in alveolar macrophages and fibroblasts in IPF patients
and rodent fibrotic lungs. Trim33 inhibition in BMDM increased TGF-B1 secretion upon BLM
treatment. Hematopoietic-specific Trim33-KO sensitized mice to BLM-induced fibrosis. In
primary lung fibroblasts and 3D-lung tissue slices, Trim33-deficiency increased TGF-B1-
downstream gene expression. In mice, AdCre-Trim33 inhibition worsened BLM-induced
fibrosis. In vitro, HSPB5 was able to bind directly to TRIM33, thereby diminishing its protein

level and TRIM33/SMAD4 interaction.



Conclusion: Our results demonstrate a key role of TRIM33 as a negative regulator of lung
fibrosis. Since TRIM33 directly associates with HSPB5 which impairs its activity, inhibitors of

TRIM33/HSPBS interaction may be of interest in the treatment of IPF.



Introduction

Idiopathic pulmonary fibrosis (IPF) is a rare, chronic and progressive disease of the lung
parenchyma of unknown origin, with a median survival of 3-5 years (1). With the exception
of pirfenidone and nintedanib which exhibit moderate efficacy on disease progression; no
pharmacologic treatment is currently available (2). IPF development associates abnormal
alveolar repair with proliferation of activated fibroblasts named myofibroblasts, which leads
to abnormal extracellular-matrix (ECM) accumulation and tissue remodeling. Transforming-
growth-factor (TGF)-B1 is a key profibrotic growth factor, and the adenoviral vector-
mediated gene transfer of active TGF-B1 (AdTGF-B1) in rodent lungs leads to progressive and
severe fibrosis (3). TGF-B1 is responsible for fibroblast activation into myofibroblasts.
Mechanistically, TGF-B1 classically signals via the SMADs proteins, a crucial pathway in

fibrogenesis (4).

We previously demonstrated that the small heat shock protein (HSP) B5 (also termed aB-
crystallin) is overexpressed in human IPF lungs. HSPB5 interferes with SMAD4 localization by
inhibiting its export from the nucleus. At the molecular level, HSPB5 hampers SMAD4
ubiquitination and, consequently, Smad4 accumulates in the nucleus and promotes TGF-B1
signaling and fibrogenesis (5). TRIM33 is an E3-ubiquitin-ligase responsible for SMAD4
ubiquitination, inducing its export from the nucleus and therefore inhibiting SMADs
transcriptional activity (6). TRIM33 is involved in several processes, such as embryogenesis,
hematopoiesis and tumorigenesis (6-8). Specifically, TRIM33 is involved in the turnover of
TGF-B receptor | (8) and in the innate immune response by regulating a subset of genes,
including TGF-B1 or interferon-B in macrophages (9, 10). Anti-TRIM33 antibodies are

elevated in humans with myositis, a set of diseases with increased prevalence of cancer and



interstitial lung disease (ILD) (11). However, the impact of TRIM33 in lung fibrosis and IPF

remains unstudied.

In the current study, we demonstrate for the first time that TRIM33 is overexpressed in the
lungs of IPF patients and has a protective effect against pulmonary fibrosis in vivo. In
addition, we highlight a mechanism by which HSPB5 interferes with the anti-fibrotic
properties of TRIM33, paving the way for the development of novel therapeutic strategies

targeting the interaction between HSPB5 and TRIM33.

Materials and methods

Human tissue samples

Lung tissue samples (n = 5) were obtained by open lung biopsy (INSERM U700, Paris). IPF
was diagnosed according to the American Thoracic Society/European Respiratory Society
consensus criteria (12), including clinical, radiographic, and characteristic histopathologic
features. Control non-IPF lung tissue samples were obtained from smokers who underwent
thoracic surgery for localized primary lung carcinoma (n= 5). The local ethics committee
(Comité de Protection des Personnes, lle de France 1) approved the study, and patients

provided informed consent before lung surgery.

Human microarray data

GSE110147 was performed and analyzed by Cecchini et al. (13) and GSE49072 was

performed and analyzed by Shi et al. (14).

Animal procedures



SV129 Wild-Type (WT) mice (Charles River, Saint Germain-sur-I’Arbresle, France) and SV129
Knock-Out (KO) mice for the HSPB5 gene were housed in pathogen-free conditions. We

generated mice selectively deficient for TRIM33 by breeding floxed Trim33 mice with cFes-

f/f cFes

Cre transgenic mice. Trim33" -Cre (hsTrim33’/’) mice thus corresponded to hematopoietic-
tissue-restricted KO mice, as previously described (15). Mouse food and water were
provided ad libitum. The animals were treated according to the guidelines of the “Ministere
de I'Enseignement Supérieur et de la Recherche” (Paris, France). All experiments were
approved by the “Comité d’Ethique de I'Expérimentation Animale du grand campus Dijon”
(Bourgogne, France). Intratracheal instillation of BLM at 1.5 mg/kg (Santa Cruz
biotechnology, Dallas, USA) was performed as previously described (16). AdTGF-B1 (5.10°
PFU/mouse) and AdCre (5.108 PFU/mouse) were instilled following the same protocol. BLM
and adenovirus were diluted in 0.9% NaCl. Mice were euthanized by abdominal aortic

bleeding at day 21 after administration. Bronchoalveolar lavage fluid (BALF) was gathered as

previously described (17).
Collagen quantification

Histomorphometric assay - The amount of collagen in paraffin-embedded tissue sections
was quantified by staining with Picrosirius Red as previously described (18, 19).

Colorimetric assay - The sircol assay was performed on lung left lobe extracts using the
“Sircol kit” (Biocolor Ltd.,, Carrickfergus, UK) and following the manufacturer’s
recommendations.

Precision Cut Lung Slice preparation



3D-lung tissue slices were generated as previously described (20) and cultured for 72h in
DMEM + 10% serum, 1% L-glutamine and 1% penicillin/streptomycin. 3 slices were pooled

for each mRNA extraction.

Statistical analysis

Comparisons between different groups were performed using the non-parametric Mann-
Whitney test and Prism 6 software (Graphpad, San Diego, CA ,USA). P values below 0.05
were considered statistically significant. All results are representative of at least 3 different

experiments.

Results

TRIM33 is upregulated during pulmonary fibrosis

Histological examination of IPF lungs showed overexpression of TRIM33 as compared to non-
IPF control lungs, in which TRIM33 was barely detectable (Figure 1A). TRIM33 was
overexpressed preferentially in myofibroblasts expressing smooth muscle actin (a-SMA) and
in macrophages expressing Macrosialin (CD68). TRIM33 overexpression could also be
observed in ATII cells expressing pulmonary surfactant-associated protein C (SP-C, Figure
1B). Analysis of publicly available microarray data (GSE110147) showed that TRIM33 mRNA
level was upregulated in total lung tissue from IPF patients compared to control lung tissue
(Figure 1C, left panel) but also specifically in alveolar macrophages from IPF patients
(GSE49072, Figure 1C right panel). The analysis of our patient cohort confirmed the increase
of TRIM33 expression in the whole lung tissue of IPF patients compared to control tissue

(Supplemental Figure 1A).



Similarly to human, TRIM33 was upregulated in fibrotic areas of mice receiving repeated
intravenous (IV) injections of bleomycin (BLM, Figure 2A). This increase was confirmed by
immunoblotting and rt-qPCR (Figure 2B-C). Trim33 upregulation was also observed in fibrotic
areas in other models of lung and pleural fibrosis, such as in mice receiving a single intra-
tracheal (it) instillation of BLM, or in rats and mice receiving an intrapleural injection of
adenovirus encoding for TGF-B1 (AdTGF) compared to control rodents (Supplemental Figure
2A). In the BLM model, Trim33 was expressed in fibroblasts (Vimentin) and macrophages

(CD68) (Supplemental Figure 2B).

Trim33 inhibition impairs TGF-B1 secretion in macrophages

As TRIM33 is overexpressed in alveolar macrophages of IPF patients (Figure 1B-C), we
investigated the effects of TRIM33 on bone marrow derived macrophages (BMDM). BMDM

isolated from Trim33-floxed (Trim33f/ f

) mice were depleted for Trim33 by ex vivo exposure to
an adenovirus encoding the Cre-recombinase (AdCre, Figure 3A). Trim33 depletion was confirmed
using gPCR (Supplemental Figure 3A). BLM stimulation of BMDM expressing TRIM33 lead to an
increase in TGF-B1, TNF-a and IL-6 production (Figure 3B), with no impact on cellular viability
(Supplemental Figure 3C). The depletion of Trim33 did not affect the level of TGF-B1 without
stimulation while it resulted in a 3-fold increase in TGF-B1 secretion upon BLM stimulation.
In parallel, we did not observe any significant difference in Tgfbl gene expression
(Supplemental Figure 3B), in secretion of pro-inflammatory cytokines (TNF-a and 1l-6, Figure
3B) or other cytokines (Supplemental Figure 3D) between BMDM expressing TRIM33 (AdDL)
and BMDM depleted for TRIM33 (AdCre), both at basal level or upon BLM exposure. Next,

we investigated the functional effect of Trim33 deficiency in the crosstalk between

macrophages and lung fibroblasts (Figure 3C). Conditioned media were collected from



BMDM cultured in four distinct conditions: 1/ Unstimulated BMDM expressing Trim33 (AdDL
NT), 2/ BMDM expressing Trim33 stimulated with BLM (AdDL BLM), 3/ unstimulated BMDM
depleted for Trim33 (AdCre NT) and 4/ BMDM depleted for Trim33 stimulated with BLM
(AdCre BLM). The expression of mesenchymal markers was then investigated in mouse
primary pulmonary fibroblasts incubated with these conditioned media. Conditioned media
from unstimulated BMDM, expressing Trim33 or not (AdDL NT and AdCre NT), had no impact
on the expression of mesenchymal markers in fibroblasts (Figure 3C). However, conditioned
media from BLM-stimulated BMDM expressing Trim33 (AdDL BLM) induced an increase in
mesenchymal markers which was further enhanced when fibroblasts were stimulated by
conditioned media from BLM-stimulated BMDM depleted for Trim33 (comparison media
BMDM AdDL BLM vs. BMDM AdCre BLM; Actin Alpha 2, Smooth Muscle (Acta2): 1.87-fold
increase, Serpin Family E Member 1 (Serpinel): 1.46-fold increase, Lymphoid enhancer-
binding factor 1 (Lef1) : 1.66-fold increase and Vimentin (Vim): 1.2-fold increase. Figure 3C).
Altogether, these results suggest that although Trim33 deficiency has no impact on TGF-f1
secretion at the basal level, yet it can promote the production of active profibrotic factors

upon BLM stimulation, which in turn activates lung fibroblasts.
HsTrim33" mice are more sensitive to bleomycin-induced pulmonary fibrosis

To confirm the in vivo significance of TRIM33 in immune cells during pulmonary fibrosis

development, we used mice with cFes-driven Cre to generate conditional Trim33 KO mice

f/f cFes

resulting in Trim33 depletion specifically in the hematopoietic system: Trim33"'-Cre™ " mice
(hsTrim33'/' mice, Figure 4A) (15). Following BLM challenge, hsTrim33”" mice developed
more severe fibrosis compared to control mice (Trim33f/f mice), characterized by worsened

pulmonary alveolar structure remodeling and increased collagen accumulation throughout



the lungs (Figure 4B). Picrosirius red staining of lung sections showed a 1.7-fold increase in
collagen lung content in hsTrim337" mice compared to a 1.4-fold increase in control mice
(Supplemental Figure 4A). This result was confirmed by a Sircol assay in which we found that
BLM induced a significant increase in collagen content in hsTrim33” mouse lungs compared
to control lungs (Figure 4C). In lung tissues, the increase in Acta2 mRNA level induced by
BLM was significantly higher in hsTrim337" mice compared to control mice (supplemental
Figure 4B). Similar findings were observed after repetitive systemic intravenous BLM

exposure (Supplemental Figure 5A-B-C).

Confirming our in vitro results, TGF-B1 level was significantly increased in the
bronchoalveolar lavage fluid (BALF) from hsTrim337 mice compared to control WT mice
exposed to BLM (2-fold increase). In parallel, there was no difference in TNF-a and IL-6

protein level in BALF from hsTrim33 versus control mice after BLM exposure (Figure 4D).

Altogether, these results suggest that TRIM33 significantly represses the establishment of a
pro-fibrotic microenvironment, specifically by inhibiting the production of active TGF-f1 by

immune cells, including macrophages.
Trim33 depletion promotes TGF-B1-downstream signaling pathways ex vivo

As TRIM33 was also overexpressed in fibroblasts from IPF patients (Figure 1), we
investigated the effects of TRIM33 expression in primary pulmonary fibroblasts. We isolated

primary pulmonary fibroblasts from Trim33"

mice and depleted Trim33 gene by infection
with AdCre (or AdDL as control, Figure 5A). The loss of TRIM33 expression was confirmed by
western blot (Figure 5B). Treatment of control (AdDL) fibroblasts with recombinant TGF-f1

(rTGF-B1) induced an upregulation of the SMADs pathway downstream gene mRNAs (Acta2,

Serpinel, Lefl, Twist Family BHLH Transcription Factor 1 (Twist1), Figure 5C). Interestingly,



the upregulation of those genes was further increased in Trim33-depleted fibroblasts
(AdCre) compared to AdDL fibroblasts (respectively 2.98-fold increase for Acta2, 2.05 for
Serpinel, 3.2 for Lefl and 1.8 for Twist1, Figure 5C). These results were confirmed using 3D-
lung tissue slices generated from Trim33"" mice and treated with AdCre (Figure 5D). Trim33
depletion was confirmed by qPCR (Figure 5D) and we showed that this depletion induced,
upon TGF-B1, a significant increase in Acta2, Serpinel and Collagen Type | Alpha 1 Chain
(Col1al) mRNA (respectively 1.9-fold increase expression for Acta2, 1.3 for Serpinel and

1.54 for Collal, Figure 5D).

Therefore, TRIM33 appears to negatively control TGF-B1-downstream signaling by blocking

over-activation of the TGF-B1 pathway in fibrotic conditions.
Trim33 inhibition in the lungs worsens BLM-induced fibrosis in mice

To confirm the in vivo significance of Trim33 expression in the lungs, we depleted Trim33 in
Trim33"" mouse lungs by i.t. administration of AdCre (Figure 6A).

We observed in our model that 29.7% of the lung cells underwent recombination 48h after
AdCre i.t. instillation, as measured using flow cytometry (Supplemental Figure 6A). AdCre
instillation was able to induce recombination mostly in CD326 (Epithelial cell adhesion
molecule) positive cells (epithelial) but also in ER-TR7 positive cells (fibroblasts) and in some
CD68 positive cells (macrophages) (Supplemental Figure 6B-C). Three days after AdCre
exposure, mice were challenged with BLM and fibrosis was assessed at 21 days post-BLM.
AdCre-mediated Trim33 depletion in mice resulted in more severe fibrosis after BLM intra-
tracheal challenge, compared to the AdDL mice expressing normal levels of TRIM33 (Figure
6B-C, Supplemental Figure 7A). The up-regulation of fibrosis-related genes induced by BLM

at the mRNA level was significantly higher in AdCre mice compared to AdDL mice



(respectively 1.64-fold increase for Collal, 1.41 for Serpinel and 1.3-fold for Twistl,
Supplemental Figure 7A). Up-regulation of fibrosis-related markers was also found at the
protein level for Plasminogen activator inhibitor 1 (PAI-1), Type | collagen as well as for
HSPB5 (Figure 6D). As expected, mice treated with AdDL showed an increase in TRIM33
protein level upon BLM, whereas mice treated with AdCre did not (Figure 6D). Interestingly,
whereas depletion of Trim33 potentiated fibrogenesis marker induction, in non-fibrotic
conditions it did not appear to have any effect on collagen accumulation, mesenchymal

differentiation nor on the immune cell profile of the BALF (Supplemental Figure 7A-B).

TRIM33 activity and protein level are impaired by HSPB5 overexpression

TRIM33 and HSPB5 are described as key regulators of the TGF-B1/SMADs pathway. HSPB5
was up-regulated following AdCre-mediated Trim33 depletion, suggesting a mechanistic
regulation between both proteins. In the pulmonary tissue of Hspb5 deficient mice (Hspb5-
KO, Supplemental Figure 8A), TRIM33 protein level was increased compared with WT mice
(Figure 7A). This difference was further amplified following BLM challenge. At the same time,
the depletion of Hspb5 induced no change in Trim33 mRNA level in total lung tissue (Figure
7B). Similar results were found using primary pulmonary fibroblasts from Hspb5-KO mice
treated ex vivo with TGF-B1 (Supplemental Figure 8B). On the other hand, HSPB5
overexpression in human alveolar epithelial A549 cells induced a decrease in TRIM33 protein
level (Figure 7C), again without interfering with its mRNA level (Figure 7D). Our data suggest
that in parallel to the induction of its expression after TRIM33 depletion, HSPB5 negatively

regulates TRIM33 protein level in a post-translational manner.

Next, we further investigated the protein-protein interaction between HSPB5 and TRIM33.

Bio-Layer Interferometry experiments using recombinant purified proteins showed that



TRIM33 was able to bind directly to both HSPB5 with a Kd of 2.91x10° M and SMAD4 with a
Kd of 1.28x10° M (Supplemental Figure 8C-D). Furthermore, by FLIM-FRET analysis, we
showed that HSPB5 overexpression decreased SMAD4-TRIM33 interaction (Supplemental
Figure 8E). In line with these results and the previously described inhibitory role of HSPB5 on
TRIM33 activity, we demonstrated that HSPB5 was able to reduce the SUMOylation of

TRIM33, which is essential for its E3 ubiquitin-ligase activity on SMAD4 (Figure 7E).

Altogether, these results demonstrate a feedback loop between HSPB5 and TRIM33,
respectively positive and negative regulators of the SMADs pathway. We show that TRIM33
level is impaired upon HSPB5 overexpression. Further, we uncover that HSPB5 promotes
TRIM33 SUMOylation and thus inhibits its binding to SMAD4, leading to enhanced TGF-f1

signaling.

Discussion

TRIM33 is an E3-ubiquitin-ligase known as a negative regulator of TGF-1 signaling, one of
the most potent profibrotic signal, through SMAD4 ubiquitination and turnover of TGF-
receptors (6, 8). We show that TRIM33 is up-regulated in both IPF patients and rodent
models of lung fibrosis. Trim33 depletion in vitro and in vivo causes an exacerbation of
fibroblast activation, collagen deposition and pro-fibrogenic factors secretion under
profibrotic conditions (i.e. on BLM or TGF-f1 exposure) suggesting a protective role of
TRIM33 in lung fibrosis. Therefore, the upregulation of TRIM33 may be viewed as a failing
attempt to prevent fibrosis progression in IPF and models of lung fibrosis. TRIM33 inhibitory
properties on TGF-B1 signaling might be due to an insufficient level of expression or an

intrinsic inhibition of its activity. The present works sheds light on this regulation.



Analysis of publically available datasets demonstrates an upregulation of TRIM33 in IPF
lungs. Yet, we hypothesize that the level of upregulation compared to control lungs remains
moderate and insufficient to exert its anti-fibrotic action. Nevertheless, datasets only
recapitulate mRNA expression which may not be representative of the real level of TRIM33
neither at the protein level nor in term of activity in the IPF lungs. Our data show that
TRIM33 protein is markedly upregulated mainly in myofibroblasts, macrophages and also
alveolar epithelial cells suggesting that TRIM33 may encounter post-translational regulations
which prevent its anti-fibrotic functions. Our team previously demonstrated that HSPB5 up-
regulation in IPF induced a decrease in the interaction between TRIM33 and SMAD4,
hampering the ubiquitination and the nuclear export of the latter (5). In this context, HSPB5
may serve as a physiologic inhibitor of TRIM33 negative control on TGF-B1 signaling. Further,
we show that TRIM33 is able to bind to both HSPB5 and SMAD4 directly. Within this
complex, HSPB5 appears to reduce the level of SUMOylation of TRIM33 therefore reducing
its binding ability to ubiquitinate SMAD4 and resulting in an exacerbation of the pro-fibrotic
TGF-B1 signaling. We believe that the inhibition of the interaction between TRIM33 and
HSPB5 may be able to restore TRIM33 repressor effects on the TGF-f1 pathway and may be

of interest for the treatment of IPF.

Among lung cells, we demonstrate that alveolar macrophages are one of the main cell type
expressing TRIM33 in human and rodent lung fibrosis. While the role of inflammation in
pulmonary fibrosis remains controversial (21) and despite the lack of efficacy of anti-
inflammatory therapies on IPF progression, unbiased approaches unraveled a significant
immune component in IPF and alveolar macrophages appear to be critical for the
development of lung fibrosis (22, 23). Macrophage activation is heavily involved in

fibrogenesis regulation in various tissues including the liver, kidney and the lungs (24) mainly



through the secretion of TNF-q, 1I-6 and most importantly TGF-B1 (25), the latter being able
to modulate fibroblast proliferation and extra-cellular matrix production (26). As
macrophages are able to produce a variety of pro-fibrotic signals, we hypothesized that
TRIM33 may have a key role in controlling macrophages secretory profile in a fibrotic
context. While TRIM33 has been demonstrated to play a role in the inflammatory response
in BMDM (27), we show here, in fibrotic conditions, that Trim33-deficiency induces an
increase in active TGF-B1 secretion by BMDM. This depletion does not modify the secretion
of pro-inflammatory cytokines TNF-a and IL-6, demonstrating a rather specific mechanism
towards the TGF-B1 pathway. Remarkably, we demonstrate that Trim33 deficiency does not
interfere with Tgfb1 gene expression. TGF-B1 is primarily produced in an inactive form which
requires to be processed inside and outside the cell in order to be secreted and activated. As
a consequence TGF-B1 activity is mainly regulated by post-translational modifications.
Therefore, our data suggest that Trim33 depletion may interfere indirectly with the

mechanisms involved in TGF- B1 maturation rather than with the Tgfb1 gene expression.

Myofibroblasts are of major importance in pulmonary fibrosis, as they are the main secretor
of ECM. They can originate from various cell types, including resident fibroblasts, fibrocytes,
and differentiated fibroblasts via cellular reprogramming of epithelial cells (28). TRIM33 has
been demonstrated to be involved in mesenchymal differentiation in the context of
oncology. For instance, TRIM33 depletion in epithelial cells has been linked to enhanced
mesenchymal differentiation in several cancer models including non-small-cell lung cancer
(29), NMuMG mammary epithelial cells (30) and renal cell carcinoma (31). In lung fibrosis
conditions, we demonstrate that Trim33 depletion, in primary pulmonary fibroblasts, as well
as in ex vivo lung tissue, promotes mesenchymal differentiation. In addition, depletion of

Trim33 in the lungs by intratracheal administration of AdCre increased sensitivity to



bleomycin-induced fibrosis with an increase in ECM deposition. These results may suggest a
crucial role of TRIM33 in the activation of mesenchymal differentiation leading to an

increase in the amount of myofibroblasts and subsequent exaggerated ECM deposition.

It is noteworthy that TRIM33 antibodies are found in the serum of patients in pathological
conditions such as polymyositis and dermatopolymyositis. These diseases are associated
with cancer but also with interstitial lung diseases (ILD) (11). These ILD present as non-
specific interstitial pneumonia or with a pattern of usual interstitial pneumonia, as observed
in IPF (32). Although the pathogenic role of TRIM33 antibodies is beyond the scope of the
current work, we believe that they have to be further explored to better understand their

protective or aggravating role in IPF.

Thus, we hypothesize that TRIM33 is induced in pro-fibrotic conditions as part of a negative
feedback loop to slow-down an exacerbated activation of TGF-B1 signaling. However, in
several pathological conditions, such as IPF, the negative control exerted by TRIM33 is
swallowed due to either an inefficient up-regulation or due to an inhibition by other up-

regulated proteins in fibrotic conditions, such as HSPB5.

Conclusion

Our work demonstrates that TRIM33 is overexpressed in the lung during fibrotic conditions
and we show that TRIM33 has a protective role against fibrogenesis by inhibiting the TGF-B1
pathway independently of inflammation. We believe that TRIM33 expression may represent
an attempt to resolve the fibrotic process, which is overwhelmed during IPF. We believe that

the complex interactions between TRIM33, SMAD4 and HSPB5 may represent key targets to



prevent progression of fibrosis in case of induced lung fibrosis as in iatrogenic diseases or in

IPF.
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Figure 1: TRIM33 is up-regulated in lungs of IPF patients. (A) TRIM33 immunostaining in
lungs of control (n = 4) or IPF patients (n= 4), scale bar: 100 um. (B) TRIM33 (brown), a-
SMA (green), CD68 (green), and SP-C (red) immunostaining in control lungs (n= 3) or IPF
lungs (n= 3), scale bar: 100 pm. (C) Left Panel : Analysis of publicly available microarray
data (accession number GSE110147) from lung samples from 22 IPF patients undergoing
lung transplantation and 11 normal lung tissues flanking lung cancer resections. Results are
expressed as median with interquartile range; ****P = 0.0001, unpaired t test with Welch’s
correction. Right panel: Analysis of publicly available microarray data (accession number
GSE49072) from alveolar macrophages isolated from 31 IPF patients and 61 normal
volunteers or unaffected relatives. Results are expressed as median with interquartile range;
**x*p = 0.0001, unpaired t test with Welch’s correction.

Figure 2: Trim33 is up-regulated during bleomycin-induced pulmonary fibrosis.(A)
Representative images of TRIM33 immunostaining on lung sections from mice given either
bleomycin or NaCl by intravenous injections (n=5), scale bar: 250 um. (B) Western blot and
(C) mRNA levels of Trim33 in mice given either BLM or NaCl by intravenous injection
(n=4-5 per group). Results are expressed as median with interquartile range; *P = 0.05, non-
parametric Mann-Whitney test. BLM : bleomycin

Figure 3: Trim33 inhibition impairs TGF-R1 secretion in macrophages. (A) Cartoon showing
the Cre-LoxP system used to deplete Trim33 in BMDM. (B) Mouse active TGF-31, TNF-a
and IL-6 measured by ELISA in supernatant of BMDM from Trim33f/f mice exposed to
AdDL or AdCre and either NaCl or bleomycin (48h, 5 mg/ml, n=3 each with 2 biological
replicates). (C) mRNA levels of Acta2, Serpinel, Lefl and Vim were analyzed by
quantitative PCR in murine primary pulmonary fibroblasts treated with supernatant from
BMDM exposed to AdDL or AdCre and either NaCl or BLM (48h, 5mg/ml, n=3 each with 3
biological replicates). Results are expressed as median with interquartile range; *P < 0.05,
**pP < 0.01, ***P < 0.001, non-parametric Mann-Whitney test. BLM : bleomycin.

Figure 4: hsTrim33-/- mice are more sensitive to bleomycin-induced pulmonary fibrosis. (A)
Cartoon showing the Cre-LoxP system used to deplete Trim33 in hematopoietic lineage cells.
(B) Representative histology of control mice (Trim33f/f) and hsTrim33-/- mice lungs 21 days
after intratracheal injection of NaCl or bleomycin (1.5 mg/kg). Masson’s trichrome staining
(n=6), scale bar: 250 um. (C) Collagen quantification using a Sircol assay on the left-lung
extract from control and hsTrim33-/- mice given either NaCl or bleomycin (at day 21).
Results are expressed as median with interquartile range; *P < 0.05, **P < 0.01, non-
parametric Mann-Whitney test; n=4-9 per group. (D) Mouse Active TGF-1, TNF-a and IL-
6 were measured by ELISA in BALF from control and hsTrim33-/- mice 21 days after
intratracheal instillation of bleomycin or NaCl ; Results are expressed as median with
interquartile range; *P < 0.05, **P < 0.01, non-parametric Mann-Whitney test ; n= 4-8 per
group. BLM : bleomycin, n.s.; non significant.

Figure 5: Downregulation of Trim33 promotes TGF-#1-downstream pathways. (A) Cartoon
showing the Cre-LoxP system used to deplete Trim33 in primary lung fibroblasts. (B)
TRIM33 expression was analyzed by western blot in pulmonary primary fibroblasts,
generated from Trim33f/f mice, infected with AdDL or AdCre and then cultured with rTGF-
R1 (48h, 10ng/ml) (n=3). (C) mRNA levels of Acta2, Serpinel, Lefl and Twistl were
analyzed by quantitative PCR of pulmonary primary fibroblasts, isolated from Trim33f/f
mice, infected with AdDL or AdCre and then cultured with rTGF-R1 (48h, 10ng/ml) (n=4
each with 2 biological replicates). Results are expressed as median with interquartile range;
*P < 0.05, **P < 0.01 non-parametric Mann-Whitney test. (D) mRNA levels of Trim33,
Acta2, Serpinel and Collal were analyzed by quantitative PCR on 3D-lung tissue slices
generated from Trim33f/f mice, infected with AdDL or AdCre and then cultured with rTGF-



R1 (48h, 10ng/ml) (n=3 each with 2 biological replicates). Results are expressed as median
with interquartile range; *P < 0.05, **P < 0.01, non-parametric Mann- Whitney test.

Figure 6: Trim33 inhibition in the lungs worsens bleomycin-induced fibrosis in mice. (A)
Cartoon showing the Cre-LoxP system used to deplete Trim33 in mouse lung. (B)
Representative histology of Trim33f/f mouse lungs infected with AdDL or AdCre, then
challenged 3 days later with intratracheal injection of NaCl or BLM (1.5 mg/kg).
Representative images of Masson’s trichrome collagen staining at day 21 after instillation (n=
6), scale bar 250 um. (C) Collagen quantification (21 days after bleomycin treatment) using a
Sircol assay on the left-lung from mice infected by AdDL or AdCre and given either NaCl or
bleomycin. Results are expressed as median with interquartile range; *P < 0.05, **P < 0.01,
non-parametric Mann-Whitney test; n= 5-8 per group. (D) Protein levels of TRIM33, PAI-1,
HSPB5 and Typel collagen were analyzed by Western Blot (left panel) in lungs from mice
infected by AdDL or AdCre, 21 days after NaCl or bleomycin treatment. Densitometry (right
panel) is expressed as median with interquartile range; *P < 0.05, **P < 0.01, non-parametric
Mann-Whitney test. BLM: bleomycin.

Figure 7: TRIM33 activity and protein level are impaired by HSPB5 overexpression. (A)
Protein level of TRIM33 in lungs from SV129 control mice (WT) or SV129 Hspb5-/- mice
(Hspb5-KO). (B) mRNA levels of Trim33 analyzed by quantitative PCR in lungs from SV129
control mice or SV129 Hspb5-KO mice 21 days after bleomycin (BLM) treatment (n=4-8 per
group). (C) Western blot and (D) mRNA level of TRIM33 in A549 cells transfected with a
plasmid encoding HSPB5 (HSPB5) or the empty vector as control (Ctrl) (n=3). (E) Pull-down
of SUMO-1-his in A549 cells after transfection with either TRIM33 and/or HSPB5 and/or
SUMO-1, as indicated (n=3). The arrow head indicates a potential sumoylated form of
TRIM33.



a-SMA

CD68

SP-C

TRIM33

Control Lung

T i R
3 i ’

AR |
L] >

IPF - Fibroblastic
focus
O

g
S R - ”
NI 3
g o, e A S
’ P : : <
-
LN
s @
&
grEeLs e 7
T3 RS 7
."\.f ,‘ ‘L'
‘ 4 o « b
i b iR/
T
.
‘ pr AL
) ﬁ“l -
*'\w [
O .“ v
Laa¥ ¢ :\" L] .
’ lv- :'\ ',
- " ‘ '
ot B
[ - *
TN
L)
S
oo W
RIS o S PO
TRIM33
C TRIM33 TRIM33
g 10.0+ sg 1.59 =
® Fkkk a2
o 9.5 | e—— | o 8 1.0 o 5
5P seas S8 :
32 00 " » s g 05 "'. umg un
2s o "IEI 2E o L
8,.2 8.5+ _$_ M &5 00 % n ln
27 a0l 28 s 3
E ’ %2 . .'.o...
E 75 . . 7 10 T
& & & &



A - Mice - I.LV

HSC70 [wmew e @b wme| 70 kDa

o
o
1

o
o

TRIM33
B C ] Trim33

E 2.0 l+|

WT WT 2 L

NaCl BLM -% 1.5 |-
Y

TRIM33 | -— —] 150 kDa é;_.imo- J_""r

8
g
<
z
€



@)

mRNA expression relative to Rp/32

1)

(Ctrl

AdCre

ELISA

WT Primary lung

A M-CSF recombinase Bleomycin
m
— &2 i LI l
1500+ 2507 2y 300+
—
[ 200-
% 1000+ - B = 2001
5 150
£ 2 )
i . < s
o L 100- ©
Lose0{ g = 1001
[
50-
0%} & F :
BLM -+ -+ BLM - + - + BLM
AdDL AdCre AdDL AdCre
Acta2 Serpine1 Lef1
H*“ dedkk
4+ — % = 3 6 I = II
2 . € .
2 8
i % : : ’
2 2,
i . L . _:E: %: woex '%‘
1l | ¢ c1 o £ (|
50 206 et .o
o g = g 2
W E e T
s 1® ¥ L e @
Z =
© 4
0 £ £ o

*® & o 0O

Supernatant BMDM AdDL NT
Supernatant BMDM AdDL BLM
Supernatant BMDM AdCre NT
Supernatant BMDM AdCre BLM

fibroblasts
ns
M
=
=
| |
ol {7
25
- + - +
AdDL AdCre
Vim
—=—
a 4- I hﬁ:l
&
2 Fekk *
2 ] P
&
Q™
c o2 5l h
o5 *
28 °
g 1 %‘-’
[H]
<<
2
o
3 0




All other cells

< Hematopoietic lineage cell
©

BLM

NaCl

T
W..

T
e
o

hsTrim33™"

Control

150+

ol

R N

62
LR MRS:
L

T
o
wn

T
o
o
-

Ressy |oo1is
(6r) uabejj0o

&
™
iS
=
®
<

ns

g g s
§ 8 R
(luyBd) 9-71

e

I okt

< g
=3 [

(Ju/Bd) 0-gNL

600+

e
T1 o

I

200
100+

T
=3
=3
©

400+

(1wyBd) - L 9-391

BLM

BLM

BLM

hsTrim33"

Control

hs Trim337"

Control

hsTrim337"

Control



AdCre

AdDL

NT

AdCre-recombinase

TGF-p1
TRIM33

| 150 kDa

L

Fibroblasts

T

HSCT0 | s s s s — — 70 kDa

Twist1

Lef1

Serpine1

Acta2

@)

ke

sk

m..rI-._.-i_.

HoT.oT.
T &

1
w0 < o~ =]

(1=112)
Zeidy o} aajeled uoissaidxa YNYW

Hm_”. -
Te
T nH. v

T T 1
o w o w o
o~ -

-

(1=142)
Zeldy 0} aAle|al uolssaldxa YNHW

T
* #e

¥

r T T
@0 < o~ <

(1=112)
Zediy o) amjejea uoissaidxa YNYW

T

T et
It o
T

Zedy 0} aA1e|a. uolssaldxa YNYW

+

TGF-p1 -

+
AdCre

+

TGF-p1 -

+
AdCre

+

TGF-p1 -

AdCre

AdDL

AdCre

AdDL

AdDL

AdDL

Coltla1

Serpine1

Acta2

Trim33

(@)

N + @
_m_” H _u S
. R
L ]
. o
It 3
8 |12
& 3 P R
L
(1=1292) m
Zeldy o) aAnee. uoissaldxa yYNyW
T - g
m_” S
¥ o _lm%m ! M
el *a
1 8
$ | |2
r T T T -
© © < o~ o
[T
(1=119) m
Zejdy 0} aaejal uoissaldxa yNyw
[ ] [ ] +|Q
T o g
t @n <
.m_w o
T :
t JHE
& p2 3 & oa
G
(1=129) o

Zeidy ©) aAjeja1 uoissaidxa YNYW

[ ]
-

-+

AdCre

AdDL

o ®w © + ~ o o
=] \

(1=129)
ZEdy 0} aAle|a. uoissaldxa YNYW

TGF-p1 -



A

AdCre-recombinase

250

Collagen (ug)
Sircol Assay
N
S

= % BLM

1504
$° >
100
BLM - + - +
AdDL  AdCre
4 5 —_
D 5 —— 5_ Hd
Ly it | . it
AdDL AdCre AdDL AdCre 8 i g8 5 Fi
Erg Sy ge .}
S0 go 2
NaCl NaCl BLM BLM 28 os §2
%2 1 % E-S 1%
o
TRIM33 | g & ® - - . 150kDa M " T
AdDL  AdCre "AdDL AdCre
PAI-1 .. - ‘ ..“ ““. | 40 kDa g 8 % 8 .
Type1 g e H
coﬁapgen - -..‘.-...0155"05 §T ¢ }gfe {
- , gz ) &x
HSPB5 - —.““I 25 kDa %%4 |—_|}_ _§§4 [
- 53 £5
HSCT0 ol s s s o i o | 70102 55 2 ge = %
i | T 2 =
"BIMTT -+ - + BWM - * - +

AdDL AdCre AdDL AdCre



WT Hspb5-KO
BLM - - + + - - + +
TRIM33 | " e o @ W 150 kDa

HSC70 ’—v‘ 70 kDa

C

D

5
o \J\“a?%

TRIM33 E‘ 150 kDa

HSPBS E 20 kDa
ACTIN E 40 kDa

mRNA expression relative to RPL32

1.24

1.14
T 1.04
C 0.9

0.8

0.7-

TRIM33

INPUT

: SUMO

o Trim33
S 25 I S
; o] 3 —
IR,
% 0.5 -
E >
<“Q§ ‘x"w\g o
Els
*
b
TRIM33 - + +
HSPB5 - = #
SUMO-1  + + +
TRIM33 o s — - —
TRIM33
(Higher exposure)
HSC70 | “e—— ——
HSPB5 -
TRIM33

150 kDa

—
150 kDa

70 kDa

20 kDa

160 kDa



Supplemental material and methods

Recombinant adenovirus

The construction of adenoviral vectors has previously been described (1, 2). Briefly, Cre-
recombinase cDNA and TGF-B1 cDNA were cloned into a shuttle vector downstream a
human CMV promoter and co-transfected with a shuttle plasmid in 293 cells. The control
vector (AdDL) with no insert in the E1 region was produced in the same way (1). The TGF-f1
cDNA has cysteine to serine mutations at position 223 and 225, rendering the expressed

TGF-B1 biologically active.

Immunochemistry

Paraffin embedded sections of human lung tissue were pretreated in citrate buffer pH6 for
40 minutes for antigen retrieval. Section were then incubated with TRIM33 (sc-101179,
Santa Cruz), o-SMA (A2547, Sigma Aldrich) and CD68 (HPA048382, Sigma Aldrich)
monoclonal antibody respectively (. Positive cells were revealed using the Chromogen DAB
(K3468, Dako) for TRIM33 and Green Chromogen (BRR807A, Biocare Medical Vina Green) or
Red Chromogen for CD68, a-SMA, CD326 (WR806, Biocare Medical Warp Red). Rabbit and

Mouse Ig were used to test the specificity of immunostaining.

Immunofluorescence

The lungs from mice were insufflated with a mix of 1:1 Water/OCT and quickly freeze at -

80°C. Slide from those lungs were fixed in methanol for 15 min before being saturated in 5%



FBS. Primary antibodies were incubated over-night at 4°C for TRIM33 (301-059A Biothyl
laboratory, Texas, USA), Vimentin (ab8978, Abcam), CD68 (NPB2-33337, Novus Bio), GFP
(#2956), CD326 (ab221552, abcam), ER-TR7 (NB100-64932, Novus Bio). Goat anti-rabbit and
goat anti-mouse conjugated with Alexa Fluor 594 or Alexa Fluor 488 (Molecular Probe,
InVitrogen, Cergy Pontoise, France) were used as secondary antibodies at a dilution of 1 :

2000.

TGF- 81, TNFa, IL-6 quantification (ELISA)

Total mouse TGF-B1 from BALFs was determined using ELISA (R&D Systems, Lille, France),

according to the recommendations of the manufacturer.

Cell culture

A549 lung epithelial cells (ATCC) were grown as monolayers in 5% CO2 at 37°C in DMEM
High glucose medium (Lonza, Paris, France), supplemented with 10% of Fetal Bovine Serum
(FBS, Lonza). Cells were seeded at 80% confluence one day prior starting the treatment and
then stimulated with recombinant human TGF-B1 (rTGF-B1, R&D Systems, Minneapolis, MN)

in complete medium at 10 ng/ml.

Primary cell culture



Mouse fibroblasts were isolated as previously described (3, 4) and cultured in DMEM + 10%
serum, 1% L-glutamine and 1% penicillin/streptomycin. BMDM were isolated as previously
described (5) and cultured in RPMI + 10% serum, 1% L-glutamine and 1%

penicillin/streptomycin.

Bone Marrow Isolation and Bone marrow-derived Macrophages

Wild type mice or Floxed Trim33 mice femurs and tibiae were carefully cleaned of flesh. The
tip of each bone was cut off. Then the marrow was collected by inserting a syringe into the
medullary cavity at one end of the bone and flushing with Dulbecco’s Modified Eagle’s
Medium (DMEM). The cells were filtered before being centrifuged at 10 000 rpm at 4°C for
10 min. Next the supernatant was replaced by a culture medium DMEM containing
macrophage colony-stimulating factor (M-CSF). Cultures were kept at 37°C with 5% CO2 for

seven days. The medium was changed every two days.

RNA interference, transfection and infection

Plasmids used were : pcDNA3.1 B myc empty vector, pcDNA3.1 HSPB5, pcDNA3.1 6 his-
SUMO-1, pcDNA3.1 TRIM33. TRIM33 was subcloned from pSG5-Flag-TRIM33, a gift from
R.Losson (Strasbourg, France). Plasmids constructs were transiently transfected using
TransIT-X2® transfection reagent (Mirus bio, Merck KGaA, Darmstadt, Germany) following
the manufacturer’s recommendations. HSPB5 siRNA and TRIM33 siRNA were purchased
from Applied Biosystems (Courtaboeuf, France). SiRNAs (50 nM) were transfected using

INTERFERin (Polyplus, lllkirch, France) following the manufacturer’s recommendations. Six



hours after transfection, the medium was removed. Adenoviral vectors were used to infect
BMDM, primary fibroblasts and 3D-lung tissue slices for 24h with a Multiplicity of infection

of 5, 4 and 8 respectively.

g-PCR analysis

Total mRNA from total lungs, mouse fibroblasts and 3D-lung tissue slices was extracted using
TRIzol (Invitrogen, Carlsbad, USA). Reverse transcription was performed on total mRNA using
the M-MLV kit (Promega, Charbonnieres, France). Quantitative RT-PCR (ViiA 7 Real-Time PCR
System, ThermoFischer Scientific, Waktham, USA) was performed on the cDNA using SYBR

green master mix (ThermoFisher Scientific) using the following primers for mouse :

Forward | 5-GGCCGTGGAACAAGAATGAGAT-3’

serpinel Reverse |5-GCTTGAAGAAGTGGGGCATGAAG-3'
) Forward | 5-CGTGGCTTCTAGTGCTGACGC-3'
Tafbl Reverse | 5-CCATGTCGATGGTCTTGCAGGT-3’
, Forward | 5-GCCTCTTCGACCAGTTCTTCG-3’
Hspb3 Reverse | 5-AGGGAAGTGGCTGTTGAGAAG-3'
Forward | 5-GCAAGAGAGGGATCCTGACG-3’
Acta?

Reverse 5'-TCGTCCCAGTTGGTGATGATG-3'

Rpl32 (60S ribosomal | Forward 5'-GAAACTGGCGGAAACCCA-3’

protein L32)

. Reverse 5'-GGATCTGGCCCTTGAACCTT-3’
House keeping gene

Forward 5-GCTCCTCTTAGGGGCCACT-3’

Collal
Reverse 5'-CCACGTCTCACCATTGGGG-3’
Twist] Forward 5'-GGACAAGCTGAGCAAGATTCA-3'
Reverse 5'-CGGAGAAGGCGTAGCTGAG-3’
Forward 5'-TGTTTATCCCATCACGGGTGG-3'
Lef1 Reverse 5'-CATGGAAGTGTCGCCTGACAG-3’
Forward 5’-CTTCTGCCTGCGCTGTCT-3’
Trim33 5’-TGCACTTGCATTATCTTCACAA-3’

Reverse




Or human :

Forward 5-CTGTTTTCTGCCCTGTACACA -3’
TRIM33 Reverse 5'-CGCCAGTAGATTCTCAATTGCA-3’
UBC Forward 5'-GTGGTGCGTCCAGAGAGAC-3’
House
keeping | Reverse 5'-GGCCTTCGCCATATCCTTTTC-3’
gene

Western blotting

30 pg of proteins were loaded on 12% polyacrylamide gels. Membranes were incubated
overnight at 4°C with specific antibodies at a dilution of 1:1000 for the detection of HSPB5
(mouse clone 1B6.1-3G4, Enzo life science, New York, USA), Smad4 (mouse clone B-8, Santa
Cruz biotechnologiy, Dallas, USA), TRIM33 (rabbit NBP1-83747, Novus Biologicals,
Centennial, USA), PAI-1 (mouse clone 3A120, Thermo Fisher Scientific, Waltham, USA),
Collal (HPAO08405 Sigma-Aldrich, St. Louis, USA). HSC70 (mouse clone B-6, Santa Cruz
Biotechnology) or B-Actin (mouse, a1978, Sigma-Aldrich) antibody was used as a loading
control. HRP-conjugated goat anti-rabbit or goat anti-mouse antibodies (Jackson

Immunoresearch Laboratories, Suffolk, UK) were used as secondary antibodies.



SUMOylation assay

A549 cells were transfected with 5 pg of each plasmid encoding SUMO-1-his, TRIM33 and
HSPB5. Cells were treated overnight with the non-selective DUB inhibitors PR616 (Sigma-
Aldrich) before cell lysis. Sumoylated proteins (SUMO-1-His) were pulled-down following the
manufacturer’s instructions, using Protino ® Ni-NTA agarose (Macherey-Nagel, Bethlehem,
USA), an affinity chromatography matrix designed to purifying proteins carrying a His-tag

and revealed using TRIM33 antibodies.

FLIM-FRET

Cells were fixed with paraformaldehyde (4% PFA for 10 min) and permeated with a PBS-
Triton (0.1%, 5 min) solution. After saturation of nonspecific sites with BSA (5%, 20 min),
cells were incubated with primary antibodies overnight in a humidified chamber at 4°C. Cells
were stained for SMAD4 with a mouse antibody (clone B-8, Santa Cruz biotechnology), and
for TRIM33 with a rabbit antibody (NBP1-83747). Goat anti-rabbit and goat anti-mouse
conjugated with Alexa Fluor 594 and Alexa Fluor 488 respectively (Molecular Probe,
InVitrogen, Cergy Pontoise, France) were used as secondary antibodies at a dilution of 1:
2000.

The interaction between Smad4 and TRIM33 was studied using FLIM-FRET measurements.
The fluorescence lifetime is defined as the average time a molecule remains in an excited
state prior to return to the ground state. Fluorescence lifetime imaging microscopy (FLIM) is

a well-established technique to study molecular interactions and visualize FRET. The



presence of acceptor molecules in the close environment of the donor allows FRET to

occur, resulting in a decrease of donor fluorescence lifetime.

We have measured the fluorescence lifetime of Smad4-Alexa 488 (donor) in the presence
and the absence of TRIM33-Alexa 494 (acceptor) to determine the occurrence of FRET.
Imaging was carried out with a x100 PlanApo objective (NA: 1.4, oil, Nikon, Japan) using a
time-correlated single-photon counting (TCSPC) module (PicoQuant) on a Nikon Eclipse TE-
200 confocal scanning microscope from DImacCell imaging facility (Dijon, France). Excitation
at 485 nm was provided by a pulsed diode laser (40 MHz). Fluorescence emission of Alexa
488 was collected using a Single-Photon Avalanche Diode detector, using a FF01-520/35
band-pass emission filter (Semrock). We performed a global lifetime analysis on regions of
interest of the FLIM images using the SymPhoTime software (PicoQuant). Fluorescence
lifetimes were calculated by fitting the tail of Alexa 488 fluorescence decay with a bi-
exponential model, with two lifetime constants. For this analysis, we used the mean value of

these two constants as the Alexa 488 lifetime.

Bio Layer Interferometry

For in vitro interaction assays, we used Biolayer interferometry technology (Octet Red96,
Forté-Bio). This is an optical analytical technique that analyzes the interference pattern of
white light reflected from biosensor tip surface. The change in thickness of the biological
layer resulting from analyte binding on his immobilized ligand was measured by a

wavelength shift.



BLI was performed using an OctetRED96 instrument from PALL/ForteBio (San Jose, USA).
Recombinant SMAD4 and HSPB5 were biotinylated with NHS-PEG4-biotin reagent (Thermo
Fisher Scientific, 21330) in a ratio of 1:3. The excess of reagent was removed using Zeba Spin
Desalting Columns (Thermo Fisher Scientific). Proteins were loaded on streptavidin
biosensors (ForteBio) at 5ug/ml. Association step was performed for 600 sec in wells
containing the indicated concentration of rhSMAD4 or rhTRIM33 diluted in PBS. The
experiment was performed in black 96-well plates with 200 puL volume/well, under constant
shaking (400 g) at 25°C. The Kd values were calculated by the software provided by the

manufacturer (version 7.1.0).
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Supplemental Figure 1 : TRIM33 is up-regulated in lung of IPF patients. mRNA levels of
TRIM33 were analyzed by quantitative PCR of samples from 27 IPF patients undergoing lung
transplantation and 29 normal lung tissues flanking lung cancer resections (Control). Results
are expressed as median with interquartile range; **P = 0.0028, unpaired t test with Welch’s
correction.

Supplemental Figure 2: TRIM33 is up-regulated in rodent models of experimental lung
fibrosis.(A) Representative images of TRIM33 immunostaining on lung sections from mice
challenged with either intratracheal instillation of bleomycin (BLM) (upper left), or
intrapleural administration of AdTGF-31 (upper right) or from rats exposed to AdTGF-1 by
intrapleural injection (lower part), scale bar 250 um. (B) Representative images (n=5) of
TRIM33 immunofluorescence (red) with a co-staining of either Vimentin (Green) for
fibroblasts (arrow head) or CD68 (Green) for macrophages (arrow head) on lung sections
from mice 21 days after instillation of bleomycin, scale bar: 10 pum.

Supplemental Figure 3: Trim33 deletion does not affect cytokine expression in BMDM. (A-B)
MRNA levels of Trim33, Tgfbl were analyzed by quantitative PCR on BMDM infected with
AdDL or AdCre and exposed to bleomycin (5mg /ml, 48h) (n=3). (C) Viability of BMDM
assessed using methylene blue after bleomycin treatment (5mg/ml, 48h). Results are
expressed as median with interquartile range (n=3 with 2 biological duplicates). (D) Cytokine
array was performed on the supernatant from BMDM infected with AdDL or AdCre and
exposed to bleomycin (5mg /ml, 48h) (n=3).

Supplemental Figure 4: hsTrim33-/- mice are more sensitive to bleomycin-induced fibrosis.
(A) Collagen quantification of lung sections stained with Picrosirius red from control and
hsTRIM33-/- mice at day 21 after BLM-treatment. Results are expressed as median with
interquartile range; *P< 0.05, **P< 0.01, non-parametric Mann-Whitney test, n= 4-8 per
group. Measurements were made on the parenchyma areas. (B) Acta2 mRNA levels analyzed
by quantitative PCR in lungs from control and hsTrim33-/- mice at day 21 after BLM-
treatment. Results are expressed as median with interquartile range. *P < 0.05, **P < 0.01,
non-parametric Mann-Whitney test, n= 4-8 per group.

Supplemental Figure 5: hsTrim33-/- mice are more sensitive to intravenous bleomycin-
induced fibrosis. (A) Histological analysis of control (hsTrim33-/-) and hsTrim33-/- mouse
lungs 14 days after intravenous injection of bleomycin (BLM). Hematoxylin and eosin
staining (n= 6), scale bar 250 um. (B) Collagen quantification using lung sections stained with
Picrosirius red from control and hsTrim33-/- mice at day 14 after BLM exposure.
Measurements were made on the parenchyma areas. Results are expressed as median with
interquartile range. **P< 0.01, non-parametric Mann-Whitney test; n= 7-9 per group. (C)
Representative images (x500) of a-SMA immunostaining on lung sections from control and
hsTrim33-/- mice at day 21 after BLM-treatment, scale bar: 250 pm.

Supplemental Figure 6: Intra-tracheal injection of AdCre allows creation of a partial Trim33
lung knock-out. (A) Cytometry analysis on the YPF signal on cells from whole lung of R26-
stop-EYFP mutant mice lung, 3 days after AdDL or AdCre intra-tracheal injection (n=3). (B)
Representative images (x300) of YFP immunofluorescence (Yellow) on lung sections from
mice 3 days after instillation of AdCre (n=3), scale bar: 20 um. (B) Representative images
(x500) of YFP immunofluorescence (Yellow) with a co-staining of either CD326 (Red) for
epithelial cells or ER-TR7 (Red) for fibroblast or CD68 (Red) for macrophages on lung
sections from mice 3 days after instillation of AdCre (n=3), scale bar: 10 um.

Supplemental Figure 7: Pulmonary inhibition of Trim33 worsens bleomycin-induced fibrosis
in mice. (A) mRNA levels of Collal, Serpinel and Twistl were analyzed by quantitative
PCR in the lungs from control and Trim33f/l mice exposed to AdDL or AdCre and day 21
after bleomycin (BLM) or NaCl instillation. Results are expressed as median with
interquartile range. *P < 0.05, **P < 0.01, non-parametric Mann-Whitney test, n= 4-8 per



group. (B) May-Griinwald Giemsa quantification of the BALF cells isolated from mice, 3
days after injection with either NaCl, AdDL or AdCre (n=3 per group).

Supplemental Figure 8: TRIM33 is able to interact directly with SMAD4. (A) Hspb5 mRNA
levels analyzed by quantitative PCR in lungs from control and Hspb5-KO mice at day 21 after
BLM-treatment. Results are expressed as median with interquartile range. *P < 0.05, non-
parametric Mann-Whitney test, n= 4-8 per group. (B) Protein levels of TRIM33 analyzed by
Western Blot in primary pulmonary fibroblasts from SV129 control mice of SV129 Hspb5
deficient mice (Hspb5-KO) cultured with rTGF-R1 (48h, 10ng/ml) (n=3). (C) The binding of
recombinant TRIM33 to recombinant HSPB5 immobilized on a SA biosensor was determined
by biolayer interferometry (graph representative of 3 independent experiments). (D) The
binding of recombinant SMAD4 to a recombinant TRIM33 immobilized on a SA biosensor
was determined by biolayer interferometry (graph representative of 3 independent
experiments). (E) The proximity between TRIM33 and SMAD4 was asset by FLIM-FRET in
A549 cells transfected with HSPB5 or an empty vector as control (Ctrl). The fluorescence
lifetime of SMAD4 (Alexa 488, donor) in presence or the absence of TRIM33 (Alexa 494,
acceptor) was determined to assess FRET (n=3). Results are shown as median with
interquartile range; ***P < 0.001, non-parametric Mann-Whitney test. N.S; nonsignificant.
Supplemental Figure 9: uncropped Western Blots.
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