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Abstracts

Background: Pulmonary and hepatic fibrosis are intractable and fatal human disorders. In our
previous study, we found that eupatilin, a chromone-scaffold (CS) derivative (CSD), has a
strong anti-fibrotic effect on in vitro fibrogenesis as well as a murine lung fibrosis model.
Through structure-activity relationship studies, ONG41008 was identified as a more potent
anti-fibrotic and anti-inflammatory CS-analog.

Methods: A set of cell imaging studies, transcriptomic analyses, and in vivo mouse model
involving bleomycin-induced lung fibrosis (BLM) or a murine nonalcoholic steatohepatitis
(NASH) model were conducted to explore how ONG41008 exhibits both anti-fibrotic and anti-
inflammatory capabilities. /n vitro anti-inflammatory activity of ONG41008 was also
investigated in RAW264.7 cells, a mouse monocytic cell line stimulated with LPS.

Findings: ONG41008 dismantled latent transforming growth factor complex (LTC), limiting
TGFB to TGFp receptor via depolymerization of F-actin. ONG41008 was able to reverse
pathogenic myofibroblasts into non-pathogenic cell types confirmed by both cell shape changes
and global transcriptomics analyses. Expression of macrophages homing chemokines in mouse
hepatic stellate cells (HSCs) was significantly mitigated by ONG41008. Orally administered
ONG41008 significantly improved onset of lung fibrosis. Oral administration of ONG41008
significantly diminished nonalcoholic fatly liver disease (NFALD) scores. ONG41008
substantially inhibited the production of proinflammatory cytokines, including TNFo and
several important chemokines affecting T cells or macrophages. TNFo was situated at the
central nod in the LPS-ONG41008-macrophages interactome. ONG41008 inhibited
endocytosis of CD14, a LPS coreceptor

Interpretation: ONG41008 could be a potent drug for a broad range of fibrotic diseases or

hyper-inflammatory diseases.

Funding: an Osteoneurogen intramural fund


https://doi.org/10.1101/770404

bioRxiv preprint doi: https://doi.org/10.1101/770404; this version posted March 3, 2021. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Key words

Fibrosis, Pathogenic myofibroblasts, Macrophages, Cell reversion, TGF[3


https://doi.org/10.1101/770404

bioRxiv preprint doi: https://doi.org/10.1101/770404; this version posted March 3, 2021. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Research in context

Evidence before this study:

We previously showed that eupatilin containing a chromone-scaffold (CS) exclusively
found in the plant kingdom effectively prevented in vitro fibrogenesis as well as in bleomycin-
induced lung fibrosis model. Importantly, cell reversion representing pathogenic
myofibroblasts (pMFB) to an intermediate cell type occurred in vitro, and restimulation of the
intermediate cell type was trans-differentiated by long exposure to TGFf, strongly suggesting
that this kind of flexible cell reversion would exist in vivo and shed into light on regenerative
capacity in fibrotic diseases. One notable feature associated with eupatilin was able to inhibit
epithelial-mesenchymal transition (EMT), which plays a central role in initiation and

perpetuation of tissue scarring.

Added value of this study:

Furthering these intriguing therapeutic capabilities, a more effective and stable analog
of eupatilin, called ONG41008, was generated and subjected to ameliorating fibrogenesis and
inhibiting the various disease activities associated with pMFB. We found that ONG41008 was
a potent inhibitor of TGF[3 biogenesis such that binding of active TGFf} to TGF receptor (TGFR)
was limited, resulting in cessation of TGFR signaling and EMT was completely inhibited,
leading to lesser fibrogenesis. Interestingly, ONG41008-treated pMFB underwent generation
of a hybrid interactome comprising of a major nuclear reprogramming one and a minor residual
fibrogenic interactome, suggesting that ONG41008 is a driver of cell reversion as we saw in
the previous study of eupatilin. Macrophages have been well appreciated for liver inflammation
and innate immunity. It turned out that ONG41008 was able to block macrophages-
chemoattracting proteins called chemokines and directly acted on macrophages, resulting in

blocking gene expression of various proinflammatory and inflammatory cytokines.
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Implications of all the available evidence:

All data considered, we believe that ONG41008 is a potent anti-fibrotic drug candidate.
And its effectiveness seems likely related to inhibition of macrophage activation. Accordingly,
ONG41008 could be used for dysfunctional immunometabolism like NASH as well as

blocking the macrophages-mediated innate immunity like rheumatoid arthritis.


https://doi.org/10.1101/770404

bioRxiv preprint doi: https://doi.org/10.1101/770404; this version posted March 3, 2021. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction

Idiopathy pulmonary fibrosis (IPF) is defined a rare disease belonging to interstitial
lung diseases (ILD) [1]. Its mortality and morbidity are becoming significant such that the
median survival of patients with IPF is 3~5 years after diagnosis and the majority of patients
would succumb to death within 5 year of diagnosis [2]. Nonalcoholic fatly liver disease
(NFALD) is becoming pandemic over the world due to over-nutrition. Nonalcoholic
steatohepatitis (NASH) is an extreme manifestation of NAFLD associated with multiple-
parallel immunometabolic dysfunctions such as steatosis, lobular inflammation or progressive
fibrosis [3, 4]. It has been well appreciated that mitigation of liver fibrosis is the limiting step
for attenuating NASH [5]. Therefore, development of both potent anti-fibrotic and anti-
inflammatory drugs is of paramount importance for dealing with IPF or NASH.

Myofibroblasts (MFB) play a central role in the initiation and perpetuation of fibrosis
[6]. While identification of the IPF-initiating cells remains to be discovered HSCs are the major
cell types contributing to both liver inflammation and liver fibrosis [7]. Although fibrogenic
signature proteins such as Collagens, CTGF (connective tissue growth factor) or Periostin have
been well elucidated, full spectrum of fibrogenic proteins have yet to be discovered.
Nevertheless, several anti-fibrotic modalities have continually put on clinical studies [8].
Although fibrosis is not defined an immune disorder, inflammatory cells are believed to be
responsible for eliciting fibrogenic signaling. Among these cells macrophages including bone-
marrow-derived ones or tissue residential macrophages like Kupffer cells in the liver may play
important roles in establishing early stage inflammation by producing proinflammatory
cytokines such as TNFa or IL-1pB and probably indirectly affecting TGF( [9]. Therefore,
controlling these proinflammatory cytokines or TGF3 may lead to an efficient modality for

fibrotic diseases.
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Flavones are members of the polyphenol family, a group of over 10,000 compounds
have been exclusively found in the plant kingdom [10]. In general, these phytochemicals
protect plants from radiation damage [11]. Due to their anti-oxidant and anti-inflammatory
potentials, flavones have long been used to treat inflammatory diseases such as arthritis and
asthma [12]. Chromone, 1,4-benzopyrone-4-one, is a central chemical scaffold hereinafter
called chromone-scaffold (CS) constituting flavones and isoflavones [13], and the CS
derivatives (CSD) are a diverse family based on branching chemical residues coupled to the
core CS framework [14]. We recently reported that eupatilin, a CSD from an Artemisia species
dramatically inhibited LPS-induced osteoclastogenesis via actin depolymerization [15] and
downregulation of multiple genes involved in EMT. Here, we show that a noble synthetic CSD,
called ONG41008, was able to reprogram EMT and induce reversion of pathogenic
myofibroblasts to an intermediate non-myofibroblasts-like cell type, ameliorating lung fibrosis
in mouse BLM [16]. In addition to this, ONG41008 blocked LPS-induced macrophage
activation via blocking the endocytosis of CD14, independently of TGFp. This observation
may open a door as a powerful new therapeutic modality for treating IPF as well as liver fibrosis

in NASH or autoreactive T cells-mediated hyper-inflammation.
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Results
Toxicity and DMPK study on ONG41008

Non-GLP (Good Laboratory Practice) toxicokinetic studies using rats told us that
ONG41008 existed in plasma over 12 hr via oral administration, resulting in Tmax (1 hr) with
Cmax (260.8ng = 41.4nQ) as seen in Supplementary Figure 1A. The AUCins  was 426.5 ng hr/ml.
A 14 Days’ oral gavage assessment rendered non-toxic (data not shown). The same held true
for non-GLP single injection oral PK study using beagle dogs (Supplementary Figure 1B).
Mice and rats were subjected to tissue PK studies within 2 hr upon oral administration. As seen
in Supplementary Figure 2, ONG41008 was rapidly detected from the plasma, lung, liver or

kidney tissues of mice or rats within 30 min.

ONG41008 dismantles latent TGFB complex (LTC) via depolymerization of F-actin.

When ONGHEPAL1 (mouse HSC cels) or DHLF (diseased human lung fibroblasts
from IPF patients) were stimulated with TGFj3, expression of aSMA (a.-smooth muscle actinin)
was notable but was then substantially mitigated with the treatment of ONG41008 (Figure 1A
for ONGHEPAL and Supplementary Figure 3 for DHLF). Likewise, other fibrinogenic markers
involving Collagenleal, Collagen1lal or Periostin was induced by TGFp and were knocked
down by ONG41008, suggesting that ONG41008 may directly act on pathogenic
myofibroblasts (pMFP) both in the lung or liver fibrotic tissues. ONG41008 markedly inhibited
phosphorylation of both SMAD2 and SMAD3, suggesting that phosphorylated Smad2 and/or
Smad3 may translocate to the nucleus, activating fibrogenesis. Vibrant phosphorylation of
ERK with ONG41008 remains to be further discovered (Figure 1B).

In our previous study, we showed that eupatilin effectively depolymerized F-actin.
Likewise, we hypothesized that F-actin in actin filaments might be also a molecular target for

ONG41008. As shown in Figure 1C, actin filaments were apparent in TGFp-stimulated cells
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and the severed actin fragments were uniformly distributed in the cytoplasm upon ONG41008
treatment in the presence of TGFB. While a massive actin depolymerization was observed with
the treatment of ONG41008 no such depolymerization was seen in ONGHEAPAL cells
stimulated with pirfenidone or nintedanib, suggesting that the latter two anti-IPF drugs have
little or no effects on F-actin depolymerization. In vitro actin polymerization or
depolymerization assay was established and showed that ONG41008 was, indeed, an inhibitor
of actin polymerization (Figure 1D) as well as an enhancer of actin depolymerization (Figure
1E). It has well been appreciated that osteoclasts exist as fused states whereby the O-ring made
of F-actin surrounds the fused osteoclasts called multinucleated osteoclasts [17]. As shown in
Supplementary Figure 4, ONG41008-treated multinucleated osteoclasts tremendously gave
rise to actin fragmentation. These studies indicate that ONG41008 may be a bona-fide F-actin
depolymerizer.

To further elucidate mode of action (MOA) for ONG41008, we stimulated DHLF
with TGFB plus ONG41008 and stained them with various antibodies recognizing the
components of LTC. LTC plays a central role of TGF biogenesis [18], releasing active TGFf3,
which is then engaged in the TGFRI/TGFRII complex, giving rise to phosphorylation of
SMAD2/SMAD3. Among the known components, LTBP1 and LAP1 were tremendously
induced and secreted into the extra cellular matrix (ECM) compartments with the treatment of
TGFp, but LTBP4 appears to be either only partially affected or unaffected by ONG41008
(Figure 2A). ONGHEPAL were also treated with TGFJ in the presence or absence of
ONG41008 for 24 hr. It is evident that LTBP1, LAP1 and Integrin o583 in the presence of
ONG41008 were massively downregulated and appears to be localized in endosome-like

compartments and actin stress fibers were substantially disintegrated (Figure 2B).
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Generation of ONG41008-mediated fibrogenic interactome and identification of NOX4
as an anti-inflammatory component in lung and liver fibrosis.

In order to identify the ONG41008-mediated fibrosis-inducing genes (FIGS), DHLF
were differentially stimulated with TGFB in the presence or absence of ONG41008 and
transcriptomic change was analyzed by RNA-seq. Schematic representation of this selection
process is shown in Supplementary Figure 5. We nailed down seventy-seven ONG4108-
mediated FIGS with p>0.005 (Figure 3). Many of these have been already known to be
fibrogenic genes such as CTGF (connective tissue growth factor), PERIOSTIN, LOX (lysyl
oxidase), or N-cadherin (CDH2) [19-21]. Elastin (EIn) gene expression has been appreciated
that ELASTIN is prefibrotic and represents progress of fibrosis. And it is known to be an EMT
gene [22, 23]. Clear indication is that EIn gene expression was substantially induced with TGF
and was knocked down with ONG41008 whose IC50 was 194 nM (Supplementary Figure 6A).
In line with this, secreted ELN protein from DHLF was significantly inhibited with ONG41008
(Supplementary Figure 6B). NOX4, a NADPH oxidase, caught our attention because induction
of NOX4 has been reported for production of pronounced reactive oxygen species (ROS) as
well as for elicitation of several important signaling events like inflammasome activation [24].
To scrutinize whether ONG41008 is able to suppress induction of NOX4, thereby
downregulating ROS production, ONGHEPA1 were stimulated with TGFf and induction
kinetics of NOX4 along with Collagen11«l and Periostin were analyzed at transcription levels.
As shown in Figure 4A, NOX4 mRNA was gradually induced by TGF and ONG41008 was
able to block the induction, suggesting that ONG41008 may be able to inhibit NOX4 at
transcription levels. Production of ROS was also significantly attenuated, which is shown by
immunocytochemistry (ICC) (Figure 4B). The same held true for DHLF (Figure 4C).

Furthermore, ROS production was markedly reduced via ROS dye staining (Figure 4D).
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ONGA41008 was able to block the induction of NOX4, CCL2 and CCL7 (Figure 4E), suggesting
that ONG41008 could modulate migration of macrophages to the liver and inflammation in the

liver.

ONG41008 reverses TGFB-induced transdifferentiation of myofibroblast

During the course of this study, it has occurred to our attention that ONG41008
treatment alone reversed the cell fate of pMFB into an intermediate non-pathogenic cell type.
To have a deeper understanding on a potential mechanism of cell reversion, we established a
series of continual differentiation experiments by using ONGHEPA 1, which could be a unique
in vitro model, in such a way that morphological changes as well as interactome changes were
closely monitored. As shown Figure 5A, transdifferentiation into myofibroblasts was
established by stimulating ONGHEPA1 cells with TGF for 24 hr after which the resultant
myofibroblasts were washed off with buffer and were subjected to TGF3 plus ONG41008 or
ONG41008 alone (data not shown) for 48 hr because the combinatorial treatment seemed to be
more pertinent to in vivo situation. The treated cells were re-plated out and continually were
stimulated with TGFfB alone for 72 hr. Upon completion of initial transdifferentiation,
stimulation of myofibroblasts with TGFB plus ONG41008 remarkably transformed
myofibroblasts into an intermediate cell type. Moreover, these intermediate cells seemed to be
situated in quiescence since no conspicuous cell growth was observed. We extended our
question to see if these quiescent cells can be again transdifferentiated to myofibroblasts with
the treatment of TGFf alone. We discovered that transdifferentiation resumed at least 48 hr
after TGFP stimulation, suggesting that this reversion process should be a flexible
differentiation program in vitro. To determine if this remarkable reversion process has to do

with nuclear reprogramming, we extensively analyzed global gene expression changes at each
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stimulation condition. As shown in Figure 5B, a hybrid interactomes existed in the reversion
process; 1) fibrogenic interactome and 2) reversion interactome. The former involves
chemokines, collagens, adhesins or enzymes, and ECM biogenic factors as shown in
Supplementary Figure 7. The latter is apparently composed of a minor residual fibrogenic
interactome and a major nuclear reprograming one. The residual fibrogenic interactome seems
to be linked to the major nuclear programming via linking the Spp1(Secreted Phosphoprotein
1)-Egrl(Early Growth Response 1) axis (the former one) and the MKI67 (marker of
proliferation Ki-67)-Birc5 (Baculoviral IAP Repeat Containing 5) in the latter one. ONG41008
may generate intermediate cell types via the hybrid interactome. Taken together, the
ONG41008-mediated cell reversion is directly related to nuclear reprogramming possibly

including chromatin remodeling.

In vivo therapeutic efficacy of ONG41008 for anti-lung fibrosis

Therapeutic efficacy of ONG41008 for lung fibrosis was analyzed via a mouse
therapeutic BLM. A greatest reduction in collagen production was observed at ONG41008 50
or 100mpk, whereas no significant inhibition was noted at ONG41008 10mpk as well as at
pirfenidone 100mpk (Figure 6A), suggesting that larger exposure of ONG41008 may be needed
to cope with existing lung fibrosis in therapeutic model. While production of hydroxy proline
(HP) at 10mpk or 50mpk of ONG41008 only exhibited reduction tendency 100mpk
significantly inhibited HP production with a statistical significance (Figure 6B). Pirfenidone
did not generate reduction in both collagen and HP with statistical significances. Expression of
aSMA were more significantly decreased in the ONG41008-treated mice than control mice.
However, dexamethasone did not affect aSMA staining, indicating that anti-inflammation may
not be able to mitigate proliferation of myofibroblasts at advanced stages (Figure 6C). In a

preventive BML, both ONG41008 10mpk and 25mpk were able to significantly attenuate the
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lung fibrosis. ONG41008 100mpk did not reach a statistical significance, currently the reason
being unknown whereas the HP production at 100mpk was remarkably reduced
(Supplementary Figure 8A). Pirfenidone exhibited a moderate reduction in both cases.
Pirfenidone only gave rise to decreasing tendencies in reduction of soluble collagen or HP
production (Supplementary Figure 8B). Apparently, ONG41008 at three administration
concentrations remarkably reduced collagen deposition shown by Masson-Trichome tissue
staining whereas dexamethasone was unable to improve the disease severity (Supplementary
Figure 8C). Taken together, ONG41008 could be a good candidate for treating IPF as a

monotherapy or as a combination therapy with pirfenidone.

ONG41008 is a potent inhibitor of innate immunity in that it could be a TNFa antagonist
in macrophages independently of TGFf

It has been lately reported that knocking out TNF« negatively affects steatosis or
NFALD score [25]. Since we only explored a potent anti-inflammatory capability associated
with ONG41008 in HSC or DHLF in TGFp-dependent manner, a natural question would be
whether its anti-inflammatory property can be extended to macrophages in response to LPS
stimulation in the absence of TGFB. RAW264.7 cells, a mouse monocytic leukemic cell line
resembling macrophages, were stimulated with LPS in the presence or absence of ONG41008.
As shown in Figure 8A, expression of proinflammatory cytokines or chemokines including
INFa, CCL2, CCL7, CXCL2 and CXCL10 were markedly downregulated by ONG41008.
Interestingly, CHOP was so markedly reduced that formation of inflammasome could be
attenuated [26-28]. However, no statistically significant repression of /L6 or IL23 was made
(data not shown). TNFa protein levels in the culture supernatants were clearly reduced by

ONG41008 (Figure 7B). Varying LPS concentrations (100ng/ml to 10ug/ml) showed that
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ONG41008 effectively blocked expression of TNF o, suggesting that some membrane proximal
events might be responsible for the ONG41008-mediated inhibition of TNF o gene expression
(Supplementary Figure 9). It strongly indicates that ONG41008 may inhibit formation of a
TLR4-LPS binding proteome or signalosome such as CD14, MD-2 or Myd88 [29]. This
prompted us to explore intracellular trafficking of these proteins upon LPS stimulation. As
shown Figure 8A, LPS induced the internalization of CD14 and Myd88, whereas ONG1008
inhibited LPS-dependent CD14 endocytosis, induced a polarized distribution of endocytic
CD14 and significantly attenuated of endocytosis of Myd88. Magnified views on these ICC
further clearly revealed that ONG41008 blocked the internalization of CD14 to endocytic
compartments (Supplementary Figure 10). On the contrary, MD-2 and NOX4 remained largely
unaltered (Supplementary Figure 11). An interactome regulating the LPS-ONG41008 axis in
macrophages was established based on an RNA-Seq. To our surprise, TNFo turned out to be
the central nod of the interactome, strongly suggesting that ONG41008 may play a central role
in antagonizing TNFa transcription (Figure 8B).

Summing up all these observations, we believe that ONG41008 is an
endocytosis inhibitor of CD14, remarkably diminishing macrophage activation. It should be
stressed here that ONG41008 is intrinsically equipped with both anti-inflammatory and anti-
fibrotic capabilities suggesting that its applicability could well suit immunometabolic

dysfunctions or controlling innate immunity.

In vivo therapeutic efficacy of ONG41008 for anti-NASH
We supposed that these combined anti-inflammatory and anti-fibrotic capabilities
associated with ONG41008 may make ONG41008 an ideal drug for NASH. NASH is

characterized by fatty liver, lobular inflammation, hepatocyte ballooning and progressive
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fibrosis [4]. Due to these multifaceted clinical features, NASH has become the most-
challenging immunometabolic ailment [30]. Blockade of either inflammation or/and fibrosis
may be able to only partially ameliorate NASH. We adapted the STAM mouse model in which
five to eight weeks STAM mice exhibit the most human resembling NASH [31]. STAM mice
were orally administered with vehicle, ONG41008 50mpk or 100mpk, Telmisartan 30mpk
(positive control) or Obeticholic acid (OCA) 30mpk as negative control. While ONG41008
50mpk gave rise to a clear sign of improvement of fatty liver as seen, no significant
improvement of onset of NASH was noted at ONG41008 100mpk. Inhibitory trends in lobular
inflammation and hepatocyte ballooning were seen at ONG41008 50mpk. Telmisartan showed
clear improvement in all score parameters (Figure 9A). Partial improvement of lobular
inflammation or hepatocyte-ballooning was observed by ONG41008 100mpk but did not reach
statistics. Pathologic manifestation was scored; 1) steatosis, 2) lobular inflammation and 3)
hepatocyte ballooning as well as hepatic fibrosis. This observation revealed that ONG41008
and telmisartan are therapeutically effective for NASH based on NAFLD scores
(Supplementary Figure 12). On the contrary, no significant improvement of NASH was noted
and little degree of inhibition of fibrosis was also observed with the treatment of OCA 30mpk

(data not shown).
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Discussion

CSD have been well appreciated for their anti-inflammation capabilities [32]. We
recently found that a few CSD are capable of attenuating in vitro fibrogenesis and in vivo
fibrosis [33]. Slight modification of functional groups linked to CSD severely affected degree
of anti-fibrosis, suggesting that medicinal chemistry would be able to improve their therapeutic
efficacy. One drawback associated with CSD in terms of in vivo use for treating fibrosis is that
CSD administered into rodents largely used to undergo glucuronidation. We confirmed that
glucuronide form of CSD completely lost the anti-fibrotic capacity in vitro (data not shown).
Thus, development of the analogs coping with this impairment should be implemented.
ONG41008 rendered non-toxic when subjected to non-GLP toxicity. PK profiles using rats or
beagle dogs via oral administration were readily detectable. In many senses, ONG41008 could
be a therapeutically pertinent drug candidate.

The major MOA seems to be able to dismantle LTC in such a way that ONG41008
limits binding of the active TGFB to TGFRs; one major manifestation is blocking
phosphorylation of SMAD2/SMAD3, resulting in disabling type 2 EMT so called fibrogenesis.
However, phosphorylation of ERK was not affected by ONG41008, suggesting that
ONG41008 is largely associated with the main signaling of TGFR, i.e. phosphorylation of
SMAD2/SMAD3. We demonstrated that ONG41008 was able to reverse cell fate of pMFB,
which was transdifferentiated from HSC, into an intermediate non-pathogenic myofibroblast-
like cell type. This reversion process did not require TGFf. Continual stimulation with TGFf3
in the absence of ONG41008 over 72 hr enabled the intermediated cell type to be then
transdifferentiated into myofibroblasts, suggesting that ONG41008-mediated reversion may be
an in vitro and/or in vivo flexible differentiation program. Consistent with generation of a
hybrid interactome, the reversion process seemed be controlled at chromatin levels. In

particular, it has been noted that this sort of intermediated cell type is often observed from the
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biopsy samples of the liver cirrhosis patients [34]. Our in vitro demonstration that two distinct
interactomes, fibrogenic interactome and nuclear interactome, coexist in the ONG41008-
treated myofibroblasts supports the existence of intermediate cell types in liver fibrotic tissues.
Nevertheless, how ONG41008 initiates this reversion process remains to be determined in
order to discover a molecular target for a central role by ONG41008.

Crucial role of TNFa associated with liver diseases prompted us to scrutinize effect of
ONG41008 on macrophage physiology. Macrophages play a central role in inflammation
whose activation has been known to be modulated by ROS [35]. As ONG41008 mitigated
NOX4 gene expression in DHLF as well as in ONGHEPA1 (HSC) cells, how ONG41008
regulates NOX4 gene expression in ONGHEPAI1 cells remained intriguing. As anticipated,
ONG41008 was able to greatly attenuate NOX4 transcription along with Collagenllal or
Periostin. Furthermore, knocking down NOX4 transcription by ONG41008 mirrored
downregulation of macrophages-chemoattractant proteins such as CCL2 and CCL7, suggesting
that ONG41008 may affect macrophage homing to the liver. This data suggests that NOX4
plays an important role in pathogenesis of myofibroblasts. According to an interactome
analysis shown in Figure 3, NOX4 seems to be functionally related to endothelin (EDN) 1,
connective tissue growth factor (CTGF) and insulin-like growth factor binding proteins
(IGFBP)3. HSC play a pivotal role in hepatic inflammation as well as liver fibrosis [36, 37].
Macrophage infiltration is pathologically related to steatosis or liver inflammation [38].
ONG41008 seemed to be able to block the endocytosis of CD14, one of the main LPS receptors
or Myd88, disarming TLR4-driven TNFa production. Although our confocal imaging analysis
may set a working hypothesis that ONG4100 may directly bind to CD14, more analytical
interaction studies should be performed like DART (direct analysis in real time) as a mass
spectrometry. ICC data clearly showed that LPS stimulation induced a robust endocytosis of

CD14 whereas LPS plus ONG41008 may retain periplasmic distribution of CD14 in
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conjunction with remarkable morphological change showing round shapes (Supplementary
Figure 10). How ONG41008-mediated morphological change occurs and the morphological
change affects LPS-mediated TNFo induction remain to be elucidated. No apparent change in
endocytosis and morphological changes of MD-2 or NOX4 were detected (Supplementary
Figure 11). Our data suggest that there are two distinct anti-fibrotic capacities associated with
ONG41008; 1) inhibition of TGFB biogenesis by dismantling of LTC via F-actin
depolymerization, thereby limiting binding of TGFp to TGFRII and 2) alteration of ECM
biogenesis which is initiated in currently unknown modes, as shown in Supplementary Figure
13.

Taken together, we generated a CSD called ONG41008 that has both anti-fibrotic and
anti-inflammatory capability. ONG41008 may be able to ameliorate a broad range of fibrotic
diseases such as heart fibrosis, kidney fibrosis, macular fibrosis, NASH or fibrotic cancers such
as pancreatic cancer. And this observation also opens a door as a powerful new therapeutic

modality for treating autoreactive T cells-mediated chronic-inflammation.
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Footnotes:

The following abbreviated terms were mainly used in this manuscript;
CS: Chromone Scaffold

CSD: Chromone Scaffold Derivatives

IPF: Idiopathy Pulmonary Fibrosis

DHLF: Diseased Human Lung Fibroblasts from IPF patients

pMFB: pathogenic myofibroblasts

HSC: Hepatic Stellate Cells

BLM: Bleomycin-Induced Lung Fibrosis

NASH:Non-Alcoholic Steato Hepatitis

LTC: Latent TGF Complex
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Fig. 1. ONG41008 inhibits trans-differentiation of mouse HSC into pMFB. (A) ICC was
performed for a-SMA on ONGHEPA1, a mouse HSC line, after 24hrs treatment with medium,
TGFp (2.5ng/ml), or TGF plus ONG41008 (25uM) and cell reactivities were observed under
florescent microscope. Periostin, Collagenlol, Collagenllol mRNA levels were measured by
gPCR along with ICC. (B) Kinetics of TGFB-induced SMAD or ERK phosphorylation in
presence of ONG41008 was conducted by western blot using the cell lysates of ONGHEPA 1
treated with TGFP in the presence of ONG41008 at various time points; 0, 5, 15, 30, 45, 60,
120 mins. (C) Actin-Phalloidin staining to test actin depolymerization was explored.
ONGHEPAL cells were treated with ONG41008, Pirfenidone, or Nintedanib in the presence of
TGFp as compared to DMEM and was subjected to microscopic observation. (D) /n vitro actin
polymerization and (E) depolymerization assay. Actin polymerization activity and amount of
depolymerization were measured in kinetic mode fluorometer at different concentration of

ONG41008. Statistical significance was calculated by Student’s t-test. *, P <0.05, **, P<0.01.

Fig. 2. Change of latent TGFp complex (LTC)-associated proteome expression in
ONG41008-treated DHLF and ONGHEPAL cells (A) DHLF were stained for LTBP1
(green), LAP1 (green), LTBP4 and DAPI (nuclei, blue). LTBP1 and LAP1, but not LTBP4,
were significantly down-regulated by ONG41008. (B) ONGHEPAL cells were stained for F-
actin (phalloidin, red), mLTBP1 (green), mLTBP4 (green), mLAP1 (green), integrin a533 and

DAPI (nuclei, blue).

Fig. 3. Transcriptomic analysis shows a set of genes, seventy-seven, called TGFf-induced
fibrosis-inducing genes (FIGS) significantly downregulated by ONG41008 (A) List of

seventy-seven ONG41008 suppressible FIGS. (B) Interactome study using the STRING
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database based on the above listed seventy-seven FIGS. Of those, twenty-eight genes-encoded
proteins appeared to be isolated from the major interactome and thus were deleted to better

visualize connectivity.

Fig. 4. NOX4, CCL2 and CCL7 are inducible by TGFp and blocked by ONG41008. (A)
qPCR for analysis of gene expression of Collagen//al, Periostin and NOX4 in TGFp treated
ONGHEPAL at various time points; 0, 6, 9, 12, 24 hr. (B) ICC for NOX4 on ONGHEPA1 and
(C) DHLF incubated 24hrs in medium, TGFfB, or TGFB plus ONG41008. With the same
treatment conditions, (D) ROS assay using DCFDA on ONGHEPA1 and (E) qPCR for NOX4,

CCL2, CCL7 on ONGHEPA1 were performed.

Fig. 5. ONG41008 reverses myofibroblasts into an intermediate non-myofibroblasts. (A)
Trans-differentiation was conducted for 24 hr. Myofibroblasts were washed with buffer and
were restimulated with TGFf plus ONG41008 for 24 hr. The resulting intermediate cells were
kept incubated with TGFf alone for 72 hr. Morphological changes were monitored under a
phase-contrast microscope. (B) Fibrogenic interactome in ONGHEPAlwas acquired by
differential stimulations; medium, TGFB or TGFB plus ONG41008. Collagen hubs, cell
adhesins hubs and chemokines hubs are denoted by arrows. Intermediate cells were subjected
to RNA-seq for establishing a reversion interactome, and two distinct interactomes coexist; 1)
residual fibrogenic interactome comprising of Col6a3, Colllal, Coll3al, and Sppl and 2) an

evident nuclear reprogramming interactome.

Fig. 6. Anti-fibrotic effect of ONG41008 in bleomycin-induced lung fibrosis model. (A and
B) Lung collagen and hydroxyproline levels were measured after pirfenidone or different

dosages of ONG41008 (10, 25, 50mpk) oral administration in BLM therapeutic model. Percent
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inhibition relative to Vehicle control are presented in orange with average measurement. (C)
Lung sections were analyzed by Masson’s Trichome staining for BLM therapeutic model and
aSMA staining was conducted. Percent aSMA-positive area was measured and statistical
significance was calculated by Student’s t-test. *** P < 0.001, relative to Sham. $, P < 0.05,

$$$, P < 0.001 relative to vehicle control.

Fig. 7. Inhibition of LPS-inducible genes by ONG41008 in LPS-stimulated RAW264.7 cell.
RAW264.7 cells were stimulated with LPS (100ng/ml) or LPS plus ONG41008 (25uM, 50uM)

for 24hrs and mRNA expression for inflammatory markers were measured by qPCR.

Fig. 8. Inhibition of CD14 trafficking by ONG41008 in LPS-stimulated RAW264.7 cell.
(A) Confocal imaging analysis for CD14 in RAW264.7 cells which were incubated in medium,
LPS or LPS plus ONG41008. CD14 or Myd66 cellular trafficking was monitored via confocal
imaging. (B) An interactome operational for LPS-ONG41008 axis in RAW264.7 cells revealed

that TNFa turned out to be the central hub of the interactome.

Fig. 9. Anti-fibrotic effect of ONG41008 in NASH and NAFLD in STAM mouse model. (A
and B) H&E staining of liver sections of STAM mouse were analyzed after oral administration
pf Telmisartan, OCA or ONG41008. Liver samples were photographed after hepatectomy. (C)
NAFLD activity score charted for ONG41008 and controls. Statistical significance was

calculated by Student’s t-test.
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Materials and Methods
Cell culture and reagents

DHLFs were purchased from Lonza (Basel, Switzerland) and cultured in fibroblast
growth medium (FBM, Lonza, Walkersville, MD, USA). Recombinant human TGFf3 and
PDGF were obtained from Peprotech (Rocky Hill, CT, USA) and used at a final concentration
of 5 ng/ml. Chemically synthesized ONG41008 was obtained from Syngene International Ltd.
(Bangalore, India), dissolved at a stock concentration of 50 mM in DMSO, and stored in
aliquots at -20°C. DMSO with according concentration was used as control. RAW264.7 cell
line was purchased from Korean Cell Line Bank (Seoul, Korea) and cultured in RPMI
supplemented with 10% FBS and 1% P/S (Welgene, Seoul, Korea). LPS was purchased from

Sigma and used at final concentration of 100 ng/ml.

Effects of drugs on bleomycin-induced lung tissue fibrosis

C57BL/6J mice were anesthetized by inhalation of 70% N>O and 30% O gas
containing 1.5% isoflurane. Fifty microliters of bleomycin solution in distilled water was
directly injected into the lungs, all at once, via the aperture. Immediately after injection, the
mice were allowed to recover from the anesthetic, and then housed in normal cages.
Bleomycin (0.03U BLM in 50ul saline) was administered once using a visual instillobot.
Twelve days after the administration of bleomycin, ONG41008 was forcibly nasally
administered via a micropipette, once a day (five times a week) for 1 week. ONG41008 was
dissolved in DPBS buffer (containing 1% DMSO), and 1 ml/kg was administered based on
the most recent body weight. For 2 to 3 days after administration of ONG41008, mice were
monitored for toxic symptoms or death, but no abnormal symptoms were observed. Three
mice per test group were selected, and their lung tissues were excised. The lung tissues were

stained with Masson’s trichrome and observed under a microscope. The degree of fibrosis of
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the lungs was assessed by an independent pathologist using the Ashcroft scoring system.
Results were expressed as mean values and standard deviations. One hour before sacrifice, a
final dose of ONG41008 or pirfenidone was administered for plasma or lung PK. The
bleomycin-treated mice exhibited a rapid decline in weight, but the sham control behaved
normally. ONG41008- or pirfenidone-administered mice exhibited weight gain from day 3
onward. Control and ONG41008-treated mice data were compared using Student’s z-test.

“Differences between samples were considered statistically significant when p<0.05.

RNA-seq processing, differential gene expression analysis, and interactome analysis
Processed reads were mapped to the Mus musculus reference genome (Ensembl 77)
using Tophat and Cufflink with default parameters. Differential analysis was performed using
Cuffdiff using default parameters. Further, FPKM values from Cuffdiff were normalized and
quantitated using the R Package Tag Count Comparison (TCC) to determine statistical
significance (e.g., P values) and differential expression (e.g., fold changes). Gene expression
values were plotted in various ways (i.e., Scatter, MA, and Volcano plots), using fold-change
values, using an R script developed in-house. The protein interaction transfer procedure was
performed using the STRING database with the differentially expressed genes. A 60 Gb
sequence was generated, and 10,020 transcripts were read and compared. The highest-
confidence interaction score (0.9) was applied from the Mus musculus species, and information

about interacts were obtained based on text mining, experiments, and databases

(http://www.string-db.org/). Due to company information sake the above detailed RNA-Seq or
interactome data interpretation would be limited but essential data sufficiently supporting our

assertion were provided.

Reverse transcriptase PCR and real-time PCR
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Cells cultured in either 12 or 24-well plates were washed twice with cold PBS and
harvested using TaKaRa MiniBEST Universal RNA extraction kit (Takara, Japan). RNA was
purified using the same kit according to manufacturer’s protocol. RN A was reverse-transcribed
using the cDNA Synthesis Kit (PCRBio Systems, London, UK). Synthesized cDNA was
amplified with StepOne Plus (Applied Biosystems, Life Technologies) and 2x qPCRBio Probe
Mix Hi-ROX (PCRBio). Comparisons between mRNA levels were performed using the AACt

method, with GAPDH as the internal control.

ELISA and immunoblotting

Mouse TNFa Quantikine ELISA kit was purchased from R&D systems (Minneapolis,
MN, USA). Raw264.7 cell was seeded at 1 x 10° in 12 well cell culture plate and incubated
O/N. The cells were then treated with LPS (100ng/ml) and ONG41008 at the indicated
concentrations. Balancing amount of DMSO was added to each treatment condition. After
24HRs of treatment supernatant from each was collected for ELISA. The assay was performed
according to the manufacturer’s manual. For three repeat experiment standard curve was made
each time to calculate TNFa concentration. DHLF at a density of 2x10"5cells/ml were seeded
onto 24well plate, followed by treatment with TGFp (2.5ng/ml) and TGFp (2.5ng/ml) plus
various concentrations of ONG41008. After 24 hr, the supernatants were collected and
performed with human elastin ELISA kit (Abcam, ab239433) following the manufacturer’s
protocol. For western blotting, antibodies for CD14, MD-2, P62, GAPDH were purchased from
Abcam (Cambridge, UK), MyD88, TLR4 from R&D systems, NOX4 (14347-1-AP) from
Proteintech (Rosemont, IL, USA), and LC3 A/B, pSMAD-2, pSMAD-3, SMAD2/3, pERK 1/2,
ERK 1/2 from Cell Signaling Technology (Danver, MA, USA). All antibodies were diluted to

1:1000 v/v in 5% BSA in DPBS (Welgene).
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Immunocytochemistry

Cells were fixed using 4% paraformaldehyde, permeabilized with 0.3% TritonX100,
blocked and incubated with 1:500 anti a-Smooth Muscle Actin (Young In Frontier, Korea),
1:500 Actin Phalloidin (Thermo Fisher, USA), 1:500 anti-LTBP1 (Aviva Systems Biology, San
Diego, USA), 1:500 anti- LTBP4 (Aviva Systems Biology), 1:500 anti-LAP1 (Abcam), 1:500
anti-integrin a5B3 (biorbyt, Cambridge, UK), 1:500 anti-NOX4 (Proteintech), 1:500 anti-CD14
(Abcam), 1:500 anti-MyD88 (R&D systems), 1:500 anti-TLR4 (R&D systems) or 1:500 anti-
MD-2 (Abcam) antibodies and 1:200 FITC conjugated secondary antibody (Young In Frontier)
and imaged with fluorescence microscope EVOS® FL (Thermo). Nuclei were stained with

DAPI

Confocal imaging

Cells were fixed with 4% paraformaldehyde, permeabilized with 0.4% Triton X100,
blocked with 1% BSA and incubated with anti-CD14 (1:500, Abcam), anti-Myd88 (1:500,
R&D systems) for overnight at 4°C. After FITC conjugated secondary antibody incubation
(1:200, Ab Frontier) for 1 hr at 37°C, images were acquired using Laser scanning confocal
microscope (Carl Zeiss LSM700) with 63x oil immersion lens. Confocal images were analyzed

with Zen black software.

ROS staining

Intracellular production of ROS was detected after stimulation of ONGHEAPA1 cells
with TGFB (5ng/ml) or TGFB plus ONG41008 (50uM). Cells were incubated with 10uM
H2DCFDA (Abcam) for 1 hr in dark at 37°C. The cells were then examined with fluorescence

microscope EVOS® FL (Thermo).
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Induction of osteoclast differentiation

Animal experimental protocols were approved by the institutional Animal Care and
Use Committee at Yonsei University Wonju College of Medicine (ldentification code: YWC-
200325-1) and procedures were performed in accordance with the guidelines of the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals. Bone marrow
mononuclear cells and marrow-derived macrophages were derived as previously described [39].
Briefly, mouse bone marrow cells were harvested from femurs and tibias from 8-week-old
Balb/c mice and cultured overnight on 100-mm dishes in a-MEM(WeIGENE Inc., Republic
of Korea) supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin.
Floating cells were collected and further cultured in the presence of M-CSF (30 ng/ml) for 4
days to generate bone marrow-derived macrophages (BMM). To induce osteoclast
differentiation, BMM were stimulated with 100 ng/mL RANKL and 30 ng/mL M-CSF in the

presence or absence of ONG41008.

Actin polymerization/depolymerization assay

Actin Polymerization/Depolymerization Assay Kit (Abcam, ab239724) was used for
both assays. For actin polymerization assay mixture of; actin, buffer, and test samples were
placed in 96 plate well in order of supplemented Buffer G (2uM ATP, 5uM DTT), actin, and
test samples. As test samples, Buffer G was used as background control, DMSO as positive
control, and ONG41008 in DMSO with concentration range from 25 to 100uM were used. The
mixtures in each well were then pipetted thoroughly to mix and incubated in dark, at room
temperature, for 15 min. After incubation the polymerization activation buffer, supplemented
10X Buffer P (10mM ATP) was added into each well and thoroughly pipetted. For actin
depolymerization assay; Buffer G (2uM ATP, S5uM DTT), supplemented 10X Buffer P (10mM

ATP), and actin were placed in 96 plate well in listed order and pipetted to mix thoroughly. The
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mixture was incubated in dark, at room temperature, for 1 hr for polymerization to take effect.
After the incubation test samples, DMSO as negative control and ONG41008 at concentration
from 25 to 100uM, were added to each appropriate well and pipetted thoroughly. Florescence
of both actin polymerization and depolymerization assay were measured with
Florescence/Luminescence Analyzer Hidex Sense at florescence Ex/Em 355/405nm (range

5~10nm) in kinetic mode for 2 hr (180 cycles).
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Supplemental information

Figure legends

Suppl. Fig. S1. Non-GLP toxicokinetic of ONG41008. (A) ONG41008 was orally
administered into mice. Three mice per test group were studied, and their plasma were

exercised. (B) Non-GLP single injection oral PK was studied using beagle dogs.

Suppl. Fig. S2. Tissue PK of ONG41008 study. Mice and rat were orally injected ONG41008
at 100mpk. Concentration of drug exposure was detected plasma, lung, liver and kidney tissue

at 5 min, 15 min, 30 min, 1 hr and 2 hr time point.

Suppl. Fig. 3. ONG41008 inhibits prefibrotic genes expression in DHLF (A) ICC was
performed for a-SMA after 24 hr treatment with medium, TGFf, TGF plus ONG41008, and
was observed under florescent microscope. Collagenllal, Collagenlal and Periostin mRNA

level was measured by qPCR in parallel to ICC set.

Suppl. Fig. 4 ONG41009 inhibits RANKL-induced multi-nucleated osteoclasts
differentiation in vitro. Murine bone marrow-derived macrophages (BMMs) were cultured
with RANKL and M-CSF (10 ng/mL) and (20 ng/mL) in the presence or absence of ONG40118

(25 uM). Scale bar =500 pm.

Suppl. Fig. SS. Schematic of fibrosis-inducing gene selection process. Transcriptomic

analysis from DHLF treated with TGFPB or TGFpB plus ONG41008 shows 77 TGFp-induced


https://doi.org/10.1101/770404

bioRxiv preprint doi: https://doi.org/10.1101/770404; this version posted March 3, 2021. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

fibrosis-inducing genes (FIGS) significantly downregulated by ONG41008. Differential

expression was explored with p< 0.005.

Suppl. Fig. S6. ONG41008 inhibits ELN production in DHLF. (A) IC50 of ONG41008 for
Eln mRNA expression was determined by qPCR. (B) Culture supernatants from DHLF treated
with TGF or TGF plus ONG41008 were examined for ELN protein levels by ELISA. **P <

0.001 and *P <0.05 relative to vehicle control were determined by Student’s t-tests.

Suppl. Fig. S7. Transcriptomic analysis and establishment of a ONG41008-specific
interactome in the mouse liver RNA-seq was performed by using total RNAs from
ONGHEPAL treated by control, TGFf, or TGFP + ONG41008. Differential expression was
explored with p< 0.005. An interactome study using STRING based on sixty-one FIGS

derived from RNA-Seq. Representative interactomes are denoted by colored ovals.

Suppl. Fig. S8. ONG41008 had positive effects against lung fibrosis in BLM prevention
model. (A) Lung collagen and hydroxyproline levels measured after treatment with pirfenidone
or 10, 25, or 50 mg/kg ONG41008 in the BLM prevention model. Percent inhibition relative
to vehicle control is shown in orange characters, with average measurements in gray. (B)
Masson’s Trichome staining of lung sections in the BLM prevention model. Representative
magnification, x 200 (C) Ashcroft fibrosis score on day 21. ***P < 0.001, relative to Sham,

and $P < 0.05, $$$P < 0.001 relative to vehicle control by Student’s t-tests.

Suppl. Fig. S9. ONG41008 inhibits LPS-induced TNFa expression in RAW264.7 cells. (A)

RAW?264.7 cells were treated with different concentrations of LPS and/or ONG41008 for 12
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hr and levels of TNFao mRNA were analyzed by quantitative RT-PCR. (B) Supernatants of
cultured RAW264.7 treated with LPS and/or ONG41008 were collected and ELISA was
performed to measure the expression of TNFa. Data are presented as the mean + standard

deviation (n=3).

Suppl. Figure S10. Plasma membrane sequestration of CD14 by ONG41008 in LPS-
stimulated RAW264.7 cells. RAW264.7 cells were cultured overnight with LPS plus
ONG41008. FITC-labeled CD14 (Green) antibody was reacted with RAW264.7 cells. DAPI
was used to stain nuclei (blue). The fluorescence of CD14 was detected with 40X objective
using EVOS® FL microscope. CD14 was expressed in plasma membrane of unstimulated
RAW264.7 cell and ONG41008 inhibited the recycling of CD14 in LPS-stimulated RAW264.7

cells.

Suppl. Figure S11. The fluorescence levels of MD-2, TLR4, MyD88 and NOX4 was
consistent. RAW 264.7 cells were stimulated with Medium, LPS or LPS plus ONG41008 for
24 hr. FITC-labeled Myd88 antibody (1/500), FITC-labeled TLR4 antibody (1/500), FITC-
labeled MD-2 antibody (1/500) or FITC-labeled NOX4 antibody (1/500) was immuno-stained
with permeabilized RAW 264.7 cells. Nuclei were presented by DAPI (Blue). The image was

captured with a 40X objective using EVOS® FL microscope.

Suppl. Figure S12 Signs of hepatic steatosis, lobular inflammation and hepatocyte ballooning

in each condition in STAM mice treated with control, ONG41008, Telmisartan, or OCA were

pictured and denoted.

Suppl. Figure S13. Potential mechanism of ONG41008 action in the treatment of organ
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fibrosis. Major one destroys actin stress filaments via depolymerization of F-actin, leaving
latent TGF[3 complex dismantled. Inability of TGF[} binding to TGFp II or I signaling receptor
is unable to generate canonical or noncanonical TGFR signaling leading to attenuation of type
2 EMT. Furthermore, ONG41008 blocks phosphorylation of SMAD2/3. These two acting
mechanisms may be responsible for efficiently disarming proliferation of or collagen or
hydroxyproline production of myofibroblasts. Reversion and induction of autophagy
independently of TGFB may play an important role in giving rise to beneficial features,
suggesting that it may also prevent fibrosis and promote cellular homeostasis such as cell
survival, anti-steatosis or lowering insulin resistance. We suppose that these two working

mechanisms might be initiated from ECM.
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