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ARTICLE INFO ABSTRACT

Keywords: Tissue fibrosis is a hallmark of systemic sclerosis (SSc) and results from the persistent activation of fibroblasts and
Tenascin C excessive accumulation of extracellular matrix component such as collagen. Recent evidence implicates the
TLRf‘ matricellular protein Tenascin-C (TNC) in promoting self-sustaining fibroblast activation and fibrosis via its
?riﬁlllr(:llolecules interaction with Toll-like receptor 4 (TLR4). In this study, we utilized Adhiron-guided ligand discovery to
fibrosis identify small molecule inhibitors targeting the fibrinogen-like globe domain of TNC, a key mediator of TLR4

activation. Two lead compounds (464 and 830) demonstrated structural similarity, favourable ADME profiles,
and robust anti-fibrotic activity in vitro. Treatment of dermal fibroblasts derived from SSc patients with either
compound significantly reduced Transforming growth factor-p-induced expression of fibrotic genes, ACTA2,
COL1A1, COL1A2, and CCN2, and inhibited myofibroblast differentiation. These studies may facilitate the
development of effective targeted therapy for fibrosis in SSc and support this novel strategy for small molecule

systemic sclerosis

development.
1. Introduction extracellular matrix (ECM) proteins by activated fibroblasts, leading to
tissue disruption and dysfunction in the skin, lungs and other internal
Persistent fibrosis a hallmark of systemic sclerosis (SSc) results from organs. Despite recent advances, clinical evidence reveals that up to one
the excessive production and accumulation of collagen and other in three patients show fibrosis progression even while receiving

Abbreviations: ACTA2, Actin alpha 2 (alpha smooth muscle actin); cDNA, Complementary DNA; CIF, Cumulative incidence function; CLIA, Clinical laboratory
improvement amendments; CMRI, Cardiac magnetic resonance imaging; COL1A1, Collagen type I alpha 1 chain; COL1A2, Collagen type I alpha 2 chain; CCN2,
Cellular communication network factor 2 (connective tissue growth factor); DAMP, Damage associated molecular pattern; Dc-SSC, Diffuse cutaneous systemic
sclerosis; ECL, Electrochemiluminescence; ECM, Extracellular matrix; EGF-L, Epidermal growth factor-like; EULAR ACR, European League Against Rheumatism/
American College of Rheumatology; FBG, Fibrinogen-like globe; FBG-C, Fibrinogen-like globe of tenascin C; FBS, Fetal bovine serum; FNIII, Fibronectin type III-like;
FVC, Forced vital capacity; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; HRCT, High resolution computer tomography; HRP, Horse radish peroxidase; ILD,
Interstitial lung disease; 1cSSc, Limited systemic sclerosis; MAP, Multi-Anayte profiling; mRSS, Modified Rodnan skin score; PCR, Polymerase chain reaction; PFT,
Pulmonary function test; Q-RT-PCR, Quantitative reverse transcription polymerase chain reaction; RHC, Right heart catherisation; ROCS, Rapid Overlay of Chemical
Structures; RNA, Ribonucleic acid; SDS-PAGE, Sodium dodecyl-sulfate polyacrylamide gel electrophoresis; SSc, Systemic sclerosis; TGF-p, Transforming growth
factor-p; TLR4, Toll-like receptor 4; TNC, Tenascin C; VEDOSS, Very early diagnosis of systemic sclerosis..
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recommended immunosuppressive or anti-fibrotic treatments [1-3]
highlighting the urgent need for novel and more effective therapeutic
strategies to treat SSc.

Recent studies have implicated a role for the matricellular protein
and endogenous Damage Associated Molecular Pattern (DAMP),
Tenascin C (TNC), in the pathogenesis of SSc. Tenascin C is highly
upregulated in both the affected tissue and circulation of SSc patients
with both early and late-stage disease. It is markedly expressed in skin
and lung biopsies and in blister fluid in SSc patients, and elevated serum
levels of TNC correlate with the Modified Rodnan skin score, a measure
of skin fibrosis [4,5]. Dermal fibroblasts explanted from SSc patients
show constitutive production of TNC in vitro, implying that its increased
accumulation in SSc may result, in part, from its cell-autonomous
overproduction [4]. Moreover, treatment of healthy fibroblasts with
the profibrotic cytokine TGF-p, which is strongly implicated in the
pathogenesis of SSc, induces the synthesis of TNC, whereas TNC defi-
ciency attenuates TGF-p-mediated fibrosis in vivo following murine lung
injury [6].

Tenascin C has been shown to elicit Toll like receptor 4 (TLR4)-
dependent profibrotic responses in dermal fibroblast, including pro-
moting myofibroblast differentiation, upregulation of oSMA and
collagen expression [4]. In support of this, mice lacking TNC are pro-
tected from both skin and lung fibrosis following bleomycin injury
[4,6,7]. Similarly, loss of either TNC or TLR4 is associated with reduced
hypodermal fibrosis in the Tsk/+ mouse, a spontaneous fibrosis model
[4,8]. Importantly, the profibrotic effects of TNC are completely abro-
gated in TLR4-deficient fibroblasts and by small molecules inhibitors
that selectively block TLR4 underscoring a key pathogenic role for TNC-
TLR4 signalling in driving persistent fibrosis [9,10].

These observations support a model of self-sustaining fibroblast
activation in SSc, where tissue damage induces local TNC production
that activates TLR4, promoting fibrotic gene expression and myofibro-
blast differentiation. This persistent fibroblast activation leads to
continued matrix deposition, further tissue damage, and more TNC, so
establishing a non-resolving loop of pathological fibrosis characteristic
of SSc [9]. Targeting this loop is a promising therapeutic strategy for
SSc-related fibrosis.

Tenascin-C is a multi-domain protein, with its fibrinogen-like globe
(FBG) domain critical for TLR4 binding and activation [11-14]. Tar-
geting this domain to prevent its interaction with TLR4 offers a prom-
ising anti-fibrotic approach. More so, as conventional TLR4 inhibitors
have proven ineffective in clinical trials and may risk compromising the
host response to infection [15], underscoring the need for selective
strategies.

The Adhiron (formally known as Affimer) technology is a novel
platform based on a highly diverse library (>3 x 10'°) of small, engi-
neered binding proteins, each displaying two variable nine-amino acid
loops [16]. This platform enables high affinity, selective binding to
specific target proteins. Adhirons have been successfully employed to
identify functional regions, probe protein function and uncover drug-
gable pockets on previously considered undruggable proteins such as
Ras [17-26]. Analogous to antibodies [27], Adhirons can also serve as
valuable tools for small molecule drug discovery with the potential act
as pharmacophore templates that inform design and reduce the risk of
failure in early development.

In the present study we have employed Adhiron guided ligand dis-
covery to develop small molecules that target the FBG domain of TNC.
Two of these compounds are shown to attenuate the profibrotic
phenotype of human dermal fibroblasts following stimulation with
Transforming growth factor-p (TGF-p), a key mediator of TNC expres-
sion and fibroblast activation [11].
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2. Material and methods
2.1. Adhiron guided small molecule discovery

2.1.1. Production and purification of recombinant FBG protein

The genes encoding the FBG domains from human were synthesised
by Genscript (Piscataway, USA). The FBG coding regions were amplified
by PCR, digested with Nhel and Notl, and cloned into a similarly digested
PGEX vector modified to contain a N-terminal AviTag and C-terminal
8His tag. The FBG domains were expressed in Shuffle cells (NEB). Single
colonies were used to inoculate 5 mL of LB media with 100 pg/mL
disodium carbenicillin and grown at 37 °C with shaking at 220 rpm for
16 h. The overnight culture was used to inoculate large scale cultures of
400 mL pre-warmed LB medium with 100 pg/mL carbenicillin and
grown at 37 °C, and 220 rpm. When OD600 reached 0.6-0.8 expression
was induced using 0.1 mM IPTG and grown for a further 16 h at 25 °C
with shaking at 150 rpm. Cells were harvested and resuspended in lysis
buffer (50 mM NaH,PO4; 300 mM NaCl; 30 mM Imidazole; 10% Glyc-
erol; pH 7.4) with 0.1 mg/mL of lysozyme, 1% Triton X-100, 10 U/ml
Benzonase® endonuclease and 1x Halt protease inhibitor cocktail and
incubated at 4 °C for 1 h. The FBG domain were purified from the su-
pernatant using a two-step purification procedure, Ni?*-NTA chroma-
tography followed by size exclusion chromatography. The supernatants
were filtered through a 0.2 pm syringe filter prior to loading on a home-
made Ni%*"NTA columns. The protein-bound columns were washed with
wash buffer (50 mM NaH,PO4; 500 mM NacCl; 20 mM Imidazole; pH 7.4)
to remove unbound proteins. 50 mM NaH;PO4, 500 mM NaCl; 300 mM
Imidazole; pH 7.4 was used to elute bound FBG. The purity of the
samples was assessed by SDS-PAGE with Coomassie staining and the
elution fractions were pooled accordingly. The pooled samples were
loaded onto a HiLoad® 26/600 Superdex® 200 size exclusion column,
eluted in PBS and concentrated using Vivaspin® centrifugal concentra-
tors with 10 kDa cut-off.

2.1.2. Phage display

Adhiron selection was performed as described previously [28,29]
using a phage display library constructed by the BioScreening Tech-
nology Group (BSTG), University of Leeds, UK. Adhiron selection was
performed as described previously [28]. Briefly, biotin acceptor peptide
(BAP) human Tenascin-C FBG was bound to streptavidin-coated wells
(Pierce) for 1 h. Following 3 h of pre-panning, the phage were incubated
in wells containing human Tenascin-C FBG domain for an hour. Un-
bound or weak binding phage were washed away using PBST. Bound
phage was eluted with 50 mM glycine-HCl (pH 2.2) for 10 min, neu-
tralised with 1 M Tris-HCL (pH 9.1), further eluted with 100 mM trie-
thylamine for 6 min, and neutralised with 1 M Tris-HCl (pH 7). After
three biopanning rounds, 96 randomly picked positive Adhiron clones
were evaluated for their binding ability to FBG by phage ELISA. Phage
Elisa was undertaken in the manner we have previously described,
briefly, recombinant FBG was immobilised directly on the plastic surface
of 96-well Nunc MaxiSorp® plates (Thermo Scientific, Waltham, MA,
US). The binding of Adhiron clones was detected with the use of
3,3',5,5’-Tetramethylbenzidine. DNA was sent for DNA sequencing to
allow analysis of the binding loop sequences.

2.1.3. Production of Adhiron protein and purification

Recombinant production of the Adhiron proteins was performed as
previously described [28]. Briefly, the relevant Adhiron coding regions
were amplified by PCR, using Forward primer (5-ATGGCTAG-
CAACTCCCTGGAAATCGAAG) and Reverse primer (5- TACCC-
TAGTGGTGATGATGGTGATGC). The products were digested with Nhel
and Notl restriction enzymes at 37 °C for 2 h and cloned into a similarly
digested pET1la vector modified to contain an 8'His tag coding
sequence. BL21 STARa (DE3) cells were transformed using the relevant
cloned and cultured as described in Tiede et al. [28]. The cells were
harvested and resuspended in phosphate buffered saline pH 7.4
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supplemented with 0.1 mg/mL of lysozyme, 1% Triton X-100, 10 U/mL
Benzonase® endonuclease and 1x Halt protease inhibitor cocktail and
incubated at 4 °C for 1 h. Adhirons were purified from supernatant using
Ni2*-NTA affinity chromatography as previously described [28].

2.1.4. Solid phase inhibition assays

Streptavidin coated 96-well plates were blocked overnight at 4 °C
using 2 x blocking buffer (Sigma) in PBS-T (0.1% Tween-20). 5 pg/mL
of Bap tagged hFBG-C was immobilised onto the pre blocked streptavi-
din coated 96 well plates for 1 h at room temperature. Unbound Bap
tagged hFBG-C was washed off using PBS-T. 25 pg/ml of Adhiron was
then added to appropriate wells and incubated for 1 h at room tem-
perature with gentle agitation. Excess Adhiron was removed by washing
three times with PBST. To assess the Adhiron protein’s ability to block
the hFBG-C/TLR4 25 pg/mL of TLR4 was added to the wells and incu-
bated for 2 h at room temperature. TLR4 binding was detected as
described previously [30]. After three washes TLR4 binding was
visualised by adding 50 pl of TMB and measuring absorbance at 620 nm.
Experimental controls involved probing for TLR4 binding in the absence
of Adhiron.

2.1.5. Crystallization, data collection, and structure determination

8His tagged human FBG binding Adhiron and untagged human FBG
were expressed in BL21 DE3 star and shuffle cells respectively. The cells
were harvested by centrifugation at 10000 g for 20 mins. The pellets
resuspended in PBS supplemented with benzonase, Triton X-100, and
lysozyme were incubated at room temperature with gentle agitation for
1 h. The 8His tagged Adhiron protein was immobilised onto Ni-NTA
beads by incubating the Adhiron protein containing lysate with Ni-
NTA agarose beads for 1 h at room temperature. Following the 1 h in-
cubation the Ni-NTA beads were washed to remove unbound Adhiron
protein. The Ni-NTA beads carrying Adhiron were then added to the
human FBG containing lysate and incubated for 1 h at room tempera-
ture. The beads were washed and the Adhiron/human FBG complex was
eluted using PBS supplemented with 300 mM imidazole. The contents of
the elutions were analysed using SDS-PAGE and the appropriate elutions
were pooled, concentrated, and further purified using and size exclusion
column (HiLoad® 26/600 Superdex® 200). The Adhiron/human FBG
complex was concentrated to 30 mg/ml and crystallised using the sitting
drop method and the MCSG-3 crystal screen (molecular dimensions).
The crystal belonged to space group P 21 21 21 with cell dimensions a =
77.570 A,b = 90.140 A and C = 104.410 A and a = b = g = 90. The
Adhiron/human FBG structure was determined using molecular
replacement.

2.1.6. Ligand-based virtual screening

A shape similarity screen was performed using OpenEye’s ROCS
software [31]. ROCS allows rapid identification of active compounds by
shape comparison, through aligning and scoring a small molecule
database against a query structure of residues N41, H43 and D47 from
Adhiron 52. The EON software compares electrostatic potential maps of
pre-aligned molecules to a query structure, producing a Tanimoto sim-
ilarity score for comparison. This was used in conjunction with the
eMolecules library of 10,000,000 commercially available small mole-
cules. Identification of compounds best matching the shape and elec-
trostatic properties of the Adhiron residues interacting with FBG was
carried out using the graphical user interface Maestro [32] and the
OpenEye graphical user interface VIDA looking for specific hydrogen
bonding interactions with FBG and minimising any steric clashes with
the protein. This work was undertaken on ARC4, part of the High-
Performance Computing facilities at the University of Leeds. Molecules
were selected for biological evaluation based on favourable shape and
electrostatic matching to the query residues.

2.1.7. Metabolic stability and solubility assessment
This was carried out by Eurofins Ltd. according to their standard
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2.1.8. Surface plasmon resonance

A Biacore 1K (Cytiva, USA) was used to analyse the interaction be-
tween fibrinogen and a small molecule. Briefly, biotinylated fibrinogen
was first diluted to 1 pM with 200 pL of 1x phosphate buffered saline
(pH 7.4) + 0.1% Tween and then flowed across the surface of a SA sensor
chip (Cytiva, USA) at a flow rate of 30 pL/min, reaching ~ 6400 response
units (RU). All the binding experiments were performed at 25 °C at a
continuous flow rate of 30 pL/min with 1x phosphate buffered saline
(pH 7.4) + 0.1% tween +1% DMSO to maintain compound solubility.
Due to the use of DMSO and its high refractive index contribution, sol-
vent correction was applied, and signal corrected against the control
surface response. Serial concentrations of the small molecules were run
across the chip surface at 7.8125, 15.625, 31.25, 62.5, 125 and 250 pM.
All the equilibrium constants (KDs) used for evaluating binding affinity
were determined with Biacore Insight Evaluation Software (Cytiva,
USA).

2.2. Experimental protocols

All participants provided written informed consent according to a
protocol approved by Medicine and Health Regulatory agency (NRES-
011NE to FDG, IRAS 15/NE/0211). The privacy rights of the human
subjects have been observed. All SSc patients fulfilled the ACR/EULAR
2013 criteria [33]. Patients were included in an at-risk population if they
presented with Raynaud’s and any very early diagnosis of SSC (VEDOSS)
criteria [34-36]. By definition, at-risk patients did not meet ACR/
EULAR 2013 classification criteria for SSc (score < 9), neither did they
fulfil classification for any other connective tissue disease.

2.2.1. Cell culture

Full thickness skin biopsies were surgically obtained from the fore-
arms of three adult healthy controls (HC), three adult patients with
recent onset SSc, defined as a disease duration of less than 18 months
from the appearance of clinically detectable skin induration. All patients
satisfied the 2013 ACR/EULAR criteria for the classification of SSc and
had diffuse cutaneous clinical subset (dcSSc) as defined by LeRoy et al.
[37], and 6 very early diagnosis of SSc (VEDOSS) patients. Fibroblasts
were isolated from skin biopsies by expansion out of the cut biopsies,
and primary cell lines established after two passages. Human
telomerase-immortalisation was carried out using retroviral trans-
duction as described [38,39]. Experimental testing on dermal fibroblast
primary cell lines were performed within 10 passages. Cells were
maintained in Dulbecco’s modified Eagle medium (DMEM) (Gibco)
supplemented with 10% FBS (Sigma) and penicillin-streptomycin
(Sigma). TGF-p1 treatment (10 ng/ml) was used in 1% FBS conditions
following an overnight starvation in 1% FBS.

2.2.2. Western blotting

Total proteins were extracted from fibroblasts in RIPA buffer and
resolved by SDS-PAGE (10-15% Tris-Glycine). Proteins were transferred
onto Hybond nitrocellulose membranes (Amersham biosciences) and
probed with antibodies specific for TNC (Santa Cruz Biotechnology) and
a-smooth muscle actin (Abcam) or loading control p-actin. Inmunoblots
were visualized with species-specific HRP conjugated secondary anti-
bodies (Sigma) and ECL ThermoFisher Scientific (/Pierce) on a Biorad
chemiDoc imaging system.

2.2.3. Quantitative real time PCR

RNA was extracted from cells using the RNA extraction kit (Zymo
Research) following the manufacturing protocols. RNA was reverse
transcribed using the cDNA synthesis kit (ThermoFisher Scientific). Q-
RT-PCR were performed using SyBr Green PCR kit (ThermoFisher Sci-
entific) with primers specific for TNC (Forward 5’-TCGACGTGTTTCC-
CAGACAG-3; Reverse 5-AACGGTGTCTTCCAGAGCAG-3"), COL1Al
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(Forward; CCTCCAGGGCTCCAACGAG Reverse; TCTAT-
CACTGTCTTGCCCCA), COL1A2 (Forward; GATGTTGAACTTGTTGCT-
GAGC Reverse; TCTTTCCCCATTCATTTGTCTT), ACTA2 (Forward;
TGTATGTGGCTATCCAGGCG Reverse; AGAGTCCAGCACGATGCCAG),
CCN2 ((Forward; GTGTGCACTGCCAAAGATGGT Reverse; TTGGAAG-
GACTCACCGCT) and GAPDH (Forward; ACCCACTCCTCCACCTTTGA
Reverse; CTGTTGCTGTAGCCAAATTCGT). The data obtained was ana-
lysed according to the AA Ct method. GAPDH served as housekeeping
gene. Composite profibrotic score was calculated using the mean value
of AA Ct of COL1A1, COL1A2, ACTA2 and CCN2 for each sample.

2.2.4. Collagen gel contraction assay

Collagen gel contraction assays were prepared using Cell Contraction
Assay Kits (Cell Biolabs), per manufacturer instructions. Briefly, 2 x 10°
fibroblasts were cultured within collagen gel for 16 h at 37 °C 5% CO2,
then released from the sides of wells and photos taken over 48 h. The
percentage change in gel area relative to area of gel at 0 h was analysed
with ImageJ software.

2.2.5. Live dead cell assay

Fibroblasts were seeded at a density of 20,000 cells per well in a 24
well plate. Cells were treated with DMSO vehicle or small molecule (10
pM) for 24 h. Experiments were performed in triplicate. Cell viability
was determined using LIVE/DEAD™ fluorometric assay according to the

A %
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manufacturer’s instructions (Invitrogen).

2.2.6. Statistical analysis

Categorical variables were presented as numbers and percentages,
while continuous variables were reported as mean =+ standard deviation
(SD), mean =+ standard error (SEM), or median with interquartile range
(IQR) depending on the data distribution. Comparisons between groups
were conducted using the student t-test or chi-square test. Statistical
significance was defined as a p-value less than 0.05 for all analyses, and
all tests were two-tailed. Data analysis was performed using RStudio
(version 2023.03.0) or GraphPad Prism software (version 9.5.1).

3. Results

3.1. TNC mRNA and protein levels elevated in SSc and VEDOSS dermal
fibroblasts correlates to levels of profibrotic gene expression

TNC gene expression was observed to be higher in fibroblasts iso-
lated from SSc patients as well as in fibroblast from VEDOSS patients,
being approximately 7-fold and 5.5-fold greater than HC levels for SSc
and VEDOSS respectively (Fig. 1A), however due to heterogeneity in the
different donor SSc fibroblast cell lines, this did not reach significance.
When assessing the profibrotic gene expression of the biological tripli-
cates of HC and SSc dermal fibroblast cell lines, by assessing mRNA
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0.8 ns = HC2 100 * %k
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Fig. 1. TNC expression in dermal fibroblasts correlates to levels of profibrotic markers. TNC mRNA expression in HC (n=3), SSc (n=3) and VEDOSS (n=6)
fibroblasts in starved conditions (A). Each symbol represents a cell line generated from a single donor (HC; Black, SSc; Red, VEDOSS; Blue). Gene expression analysis
for ACTA2, COL1A1, COL1A2, CCN2 relative to housekeeping gene GAPDH for all dermal fibroblast cells line in A (B). Combination of analysis from B into a
profibrotic score for each category of dermal fibroblast (C). Correlation between TNC gene expression and profibrotic score for data in B and C (D). TNC mRNA
expression in HC dermal fibroblasts (n=3) with and without TGF-$1 (E). Bar charts represent mean + standard error (SE). Statistical tests used; unpaired student t-
test (two tailed) (A, B, C and E) and spearman correlation (D). Statistical significance illustrated; * =P<0.05, ** =P <0.01 and ns = non-significant. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



T. Gaule et al.

levels of CCN2, COL1A1, COL1A2, and ACTA2, all SSc fibroblasts sam-
ples collectively showed increased gene expression compared to HC,
with significant differences observed with COLIAI and COL1A2
(Fig. 1B). Combining these genes into a profibrotic score shows SSc fi-
broblasts have an increased level compared to HC (Fig. 1C). Interest-
ingly, there is a strong correlation with the profibrotic score and TNC
gene expression in all fibroblasts cell lines, showing a direct link be-
tween the fibrotic phenotype of SSc dermal fibroblasts and TNC
expression (Fig. 1D). Moreover, all single genes show strong correlation
with TNC expression (Spearman Correlation R > 0.7986, P < 0.0027),
with CCN2 showing the strongest correlation (R = 0.9142 P < 0.0001).
Moreover, the SSC3 cell line with low basal TNC expression, had the
lowest CCN2 expression (Fig. 1B and C) which is in line with previous
studies that demonstrate an induction of TNC following CCN2 stimula-
tion [40-42]. We also demonstrate that TNC expression is enhanced by
profibrotic cytokine, TGF-p1, in HC dermal fibroblasts (Fig. 1E). TGF-p1
stimulation of 24 h triggered an increase in fibroblast TNC expression by
6-fold (Fig. 1E). This is consistent with the observations of Bhattachar-
yya who demonstrated a dose- and time-dependent TGF-p-induced
upregulation of TNC in both neonatal and adult skin fibroblasts [4].

3.2. Adhiron guided small molecule identification

3.2.1. Identification and isolation of Adhiron with inhibitory properties
Adhirons have been previously shown to bind to ‘hot spots’ on pro-
tein surfaces blocking protein function through steric and allosteric
mechanisms [18,21,22,43]. Here we determined the ability to isolate
Adhirons capable of blocking the interaction of the FBG domain of TNC
(FBG—C) with TLR4. The BAP tag labelled FBG-C domain was expressed
in shuffle cells and purified using a two-step purification method
(Supplementary Fig. S1A). In vivo biotinylation of the FBG-C domain

A
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allowed isolation of Adhiron reagents by phage display. Biotinylation
was confirmed by western blotting (Supplementary Fig. S1B). The
purified bap tagged FBG-C domain was panned against the Adhiron
phage library [16,28,44]. After three panning round 96 clones were
picked and assessed using phage ELISA [28] (Supplementary Fig. $2).

Seven out of the 96 Adhirons were non-specific as they interacted
with both FBG-C domain and the control (Supplementary Fig. $2).
DNA sequencing highlighted a consensus motif on variable region 1
across the 86 clones. Due to factors such as expression yields, solubility,
and stability, six Adhirons were taken forward for further characteri-
sation (Fig. 2A). The six Adhirons were subcloned into pET11la,
expressed in BL21 DE3 star cells and purified. The Adhirons were tested
for the ability to block the TLR4/FBG-C interaction. The solid phase
inhibition assay showed that as expected the scaffold (control Adhiron)
did not inhibit the TLR4/FBG-C interaction. At the same concentrations,
Adhirons 9, 12, 32, 45 and 52 showed different degrees of inhibition
whereas Adhiron 47 did not inhibit (Fig. 2D). Variable region 1 of
Adhiron 47 did not have the conserved motif like Adhirons 9, 12, 32, 45
and 52 suggesting that Adhiron 47 may have a different epitope

Table 1
Adhiron loop sequences.
Adhiron Variable Variable
Region 1 Region 2
9 PVNPHQWAD YTRFQEVAR
12 ESNPHMWAD WTVRNNRMA
32 EANQHFYAD WQINQGIIF
45 MTQPHRNAD YYRNLHGIY
47 VFFMQWEHH GHQRHAHYA
52 GANMHAYAD WEMSRKLMT
Scaffold AAAA AAE
—12.5 M
25+ w25 NM
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o 204
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Fig. 2. Phage ELISA and solid phase inhibition assay: Phage ELISA results of 6 candidate Adhirons identified in screens against the FBG domain of human TNC
(hTNC-FBG) (A). Kinetic analysis of Adhiron 52 binding to human (B) and mouse (C) FBG-C by surface plasmon resonance (SPR). Representative sensorgram ob-
tained from injection of Adhiron at concentrations of 12.5, 25, 50, 100, 200 and 400 nM. Solid phase inhibition assay. 96-well plates coated with 5pgmL~" of FBG-C
(Human) were incubated with TLR4 only (white) and TLR4 in the presence of Adhiron (grey). Data are shown as mean + SEM, n=3 (D).
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compared to other Adhirons (Table 1). The solid phase inhibition assays
showed that Adhiron 52 displayed the best inhibition (Fig. 2D) and SPR
indicated binding affinities of 15.3 nM and 11.8 nM for human and
mouse FBG—C, respectively (Fig. 2B, C).

3.2.2. Structural insights into Adhiron 52 and FBG-C domain interaction

To gain atomic insights into how Adhiron 52 interacts with FBG-C
domain, the Adhiron/FBG-C complex was produced and crystallised
(PDB ID 9R5Y, Supplementary Fig. S1C and D) in space group P21 21
21 with two complexes in the asymmetric unit. The structure was
determined by molecular replacement and refined at resolution 1.4
Angstroms (Supplementary Table S1). In complex with Adhiron 52,
the overall structure of the FBG-C domain does not change. It maintains
the three subdomain ABP structure observed in FRePs (Fig. 3A). Adhiron
52 interacts with the FBG-C at the p subdomain (Fig. 3A). However, in
comparison to uncomplexed FBG-C domain (PDB6QNV), the Adhiron
results in subtle changes in the cation ridge region, the proposed TLR4
binding site [30]. On interaction with the Adhiron, part of the cationic
ridge B - strand becomes less structured and the side chains of residues
E2104 and V2103 take up different conformations (Fig. 3B). Moreover,
the disordered binding loop due to the absence of Ca?* observed in FBG-
C structure (PDB - 6QNV) is structured in Adhiron/FBG-C complex
indicating that Adhiron 52 stabilises the disordered Ca%* binding loop in
the absence of calcium (Fig. 3B).

The crystal structure showed that variable region 1 on Adhiron 52
forms the major contact site with residues G39, N41, H43, Y45 and D47
involved in hydrogen bonds with residues H2175, H2150, S2164,
Y2140, N2148 and Y2116 in subdomain P of FBG-C (Fig. 4, inserts 1, 2
and 3). The main chain carbonyl group of G39 interacts with a hydrogen

Subdomain B
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donated by a nitrogen on the imidazole group of H2175. N41 forms a
hydrogen bond network where the side chain amide group interacts with
the side chain hydroxyl group of S2164 while side chain carbonyl group
interacts with backbone amide group of H2150. The imidazole group
nitrogen atoms on H43 interact with hydroxyl group of Y2140 and the
side chain carbonyl group of N2148 through hydrogen acceptor (N---H-
0) and hydrogen donation (N-H---O) respectively. Simultaneously, the
side chain amide group of N2148 interacts with the main chain carbonyl
group of Adhiron residue Y45. Adhiron residue D47 forms the final
hydrogen bond network with residues Y2116 and Adhiron residue W73.
The side chain hydroxyl group of D47 interacts with Y2116 while the
carbonyl group interacts with the main chain amide group of Adhiron
residue W73 also forms a hydrogen bond. Fewer hydrogen bonds were
observed in the variable region 2 of the Adhiron 52 and FBG-C inter-
action interface (Fig. 4). A water molecule acts as a bridge between
Adhiron residue E74 and FBG-C residue R2147 (Fig. 4, insert 6). Adhiron
residues, Y43, W73, M75 and M80 stack against each other to form a
hydrophobic pocket which 12133 on FBG-C snugly fits in (Fig. 4, insert
5) and stabilises the disordered Ca®* binding loop. The main chain
amide group of residue M75 interacts with the carbonyl backbone group
of FBG-C residue S2131 further increasing the stability of the disordered
loop in the absence of calcium.

Finally, a lack of cross reactivity of Adhiron 52 with other members
of the Tenascin family, notably, Tenascin R and Tenascin X was
demonstrated (Supplementary Fig. S3 and S4).

3.2.3. Identification of small molecules to mimic Adhiron 52
Three amino acid residues were found to be crucial for the Adhiron-
FBG-C interaction: N41, H43 and D47. We used the ligand-based

Subdomain A

}Subdomain P

Adhiron & f
: e/

Disordered Ca?* binding loop

E2104

Fig. 3. The crystal structure of Adhiron 52/FBG-C complex. A) The different shades of blue show the ABP subdomains. Subdomain A is shown in slate, subdomain
B in light blue and subdomain P in sky-blue (A). Structural alignment of FBG-C/Adhiron 52 complex (Skyblue; PDB: 9R5Y) with non-complexed FBG-C (Magenta;
PDB: 6QNV). Insert 1 shows the structural changes in the disordered Ca®" binding loop. Insert 2 displays the subtle changes to the TLR4 binding site (cationic ridge).
Inserts 3 and 4 show conformational changes of residues E2104 and V2103 (B). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Adhiron variable region 1 interactions Adhiron variable region 2 interactions

Fig. 4. The crystal structure of FBG domain of human TNC (Skyblue) bound to Adhiron 52 (grey) (PDB: 9R5Y) inserts 1-3. show how five residues on the variable
loop 1 of Adhiron 52 (G39, N41, H43, Y45 and D47) interact with six residues on hFBG (Y2116, Y2140, N2148, H2150, S2164 and H2175). Inserts 4-6 show the
interactions between variable loop2 and FBG-C domain. Adhiron residues E74, Y43, W73, M80 and M75 interact with residues R2174, 12133 and S2131 on FBG-C.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Identification of compounds as mimics of Adhiron 52. Small molecule 830 (grey sticks) mimics the shape and electrostatic interaction of Asn41 and His43
from Adhiron loopl (beige sticks) (A). Adhiron (grey ribbons) bound to FBG domain of TNC (blue ribbons) with predicted binding mode of 830 shown as pink sticks
(B). Close up of predicted binding mode of 830 with the FBG domain of TNC (C). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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screening tool ROCS and identified compounds from the eMolecules li-
brary which mimicked the shape and electrostatic interactions of the key
amino acid residues from Adhiron 52 (Fig. 5A-C). Ten hit compounds
were purchased (Supplementary Table S2) and their integrity was
checked by LCMS before in vitro evaluation.

3.3. Targeting FBG-C domain with small molecules reduces the profibrotic
phenotype of human dermal fibroblasts

To test the ability of the small molecules, to modulate the interaction
of the FBG-C domain of Tenascin C with TLR4, we measured their ability
to reduce profibrotic responses in healthy human (HC) dermal fibro-
blasts. Cell lines were treated for 24 h with 10 uM of each small molecule
along with the profibrotic cytokine, TGF-p1, and the combined gene
expression (expressed as a profibrotic score) of the profibrotic genes
aSMA, COL1A1, COL1A2 and CCN2 was compared relative to that
induced by TGF-p1 and DMSO vehicle (control, CTR) only (Fig. 6A). Two
molecules; 464 (49306464) and 830 (73494830) reduced the TGF-p1-
induced profibrotic score relative to TGF-p1 (Fig. 6A, B). These had no
effect on cell viability as assessed using a Live/Dead cell assay (Thermo
Fisher Scientific, (Fig. 6C). Both these molecules displayed structural
similarity and the dissociation constant of 830 was measured at 553 pM
(Fig. 6D).

Early stage physicochemical profiling of 464 and 830 to ascertain
metabolic stability and aqueous solubility of the molecules in vitro
demonstrated that both molecules displayed good solubility (>75 pM)
and human liver microsomal stability (clearance of 5-10 pL/min/mg)
(Table 2).

Due to the specific binding affinities of 830 to the FBG domain of
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Table 2
Early stage physicochemical profiling of 464 and 830.

Compound ID Aqueous Microsomal stability (human) CLip (L/
Solubility pM (pH min/ mg protein)
7.4)
464 - >100 <8.6
(49306464)
830 - 75 5
(73494830)

TNC (Fig. 6D) and the structural similarity between 464 and 830, both
these inhibitors were retested on dermal fibroblast isolated from SSc
patients, where they were shown to reduce the composite pro-fibrotic
gene score back to control unstimulated levels (Fig. 7A). Moreover, an
attenuation of the TGF-p1 induced fibrotic response by the selected in-
hibitors was further demonstrated in collagen gel contraction assays
using HC dermal fibroblasts. With 2 h of TGF-f1 stimulation, a signifi-
cant gel contraction was induced, since gel area contracted to 85% of 0 h
condition compared to CTR (97%) (Fig. 7B-C). Treatment with inhibitor
464 (94%) and 830 (91%) were able to reduce TGF-p1 triggered gel
contraction to that not significantly different to CTR levels (97%)
compared to 0 h timepoint (Fig. 7B-C).

Whilst the binding affinity measured using SPR is lower than may be
expected from the results of the cellular assays, there may be a number
of reasons for this. The biotinylated FBG domain of TNC may be
immobilised in a conformation that is not that found in vivo leading to
the lower than expected affinity based on our cellular assays.
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Fig. 6. The properties of the lead candidate molecules (464, and 830) on fibrosis, cell viability and FBG-C binding. The effect of inhibitors on TGF-p1 induced
profibrotic score of human dermal fibroblasts. Healthy dermal fibroblasts (n = 2-3, each symbol represents a cell line generated from a single donor) treated with
DMSO vehicle or inhibitors in TGF-p1 conditions for 24 h, as well as control (CTR) conditions. Gene expression of ACTA2, COL1A1, COL1A2 and CCN2 relative to
GAPDH analysed and combined into a profibrotic composite score relative to that induced in TGF-p1 + DMSO only (TGF) condition (A). Chemical structure of
molecules 464 and 830 (B). Effect of small molecule 464 and 830 (10 uM, 24 h) on fibroblast viability using a Live/Dead cell assay (C). Kinetic analysis of 830
binding to FBG-BAP using surface plasmon resonance (SPR) technology. Representative sensorgram of dose response obtained from injection of 830 at concentrations

of 7.8125, 15.625, 31.25, 62.5, 125 and 250 pM. Mean Kd of 533 pM (n=3) (D).
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Fig. 7. FBG-C targeting by 464 and 830 reduces the TGF-$1 induced profibrotic phenotype of human dermal fibroblasts. Reduced subset of inhibitors was
tested on SSc dermal fibroblasts (n=3) and fibrotic score analysed as in Fig. 7 (above) (A). Percentage change in gel contraction of gel cultured with healthy fi-
broblasts over 2 h compared to baseline area (0 h). Cells were treated with TGF-p1 and DMSO (+TGF), or inhibitor (464 or 830) or in control conditions (-TGF) (B-C).

4. Discussion and conclusion

4.1. Tenascin-C levels are increased in tissue of patients with SSc and
correlate with markers of fibrosis

Constitutive production of TNC was observed in dermal fibroblasts
isolated from patients with SSc compared to healthy controls. This is
consistent with the current data and previous clinical observations
associating high circulating TNC levels with markers of SSc and implies
that the increased TNC accumulation may result from its cell autono-
mous overproduction by activated fibroblasts [4] (Fig. 1A). Increased
expression of TNC was also correlated with an increase in fibrotic gene
score, notably ACTA2, COL1A1, COLI1A2 and CCN2 (Fig. 1B-D), which
are key molecular markers that are significantly and reliably upregu-
lated by TGF-p and represent different, interconnected, aspects of the
fibrotic process [45-47]. TNC has been reported to elicit cell specific
responses including type 1 collagen synthesis where it drives the fibrotic
response in dermal and lung fibroblasts and contributes to the integrity
of the ECM in young skin [4,48]. Moreover, TNC silencing results in the
reduction of CCN2 in the kidney mesangial cells [49] and reciprocally
CCN2 promotes deposition of several ECM proteins, including collagen,
fibronectin and TNC [50]. Interestingly, we report for the first time that
TNC expression is also raised in dermal fibroblasts isolated from
VEDOSS individuals (Fig. 1A), which have been characterised previ-
ously to show biomarkers seen in SSc fibroblasts, although from sites of
absent clinical fibrosis [39]. Studies have reported a potential role for
TNC in the early diagnosis of rheumatoid arthritis (RA), where the
detection of antibodies to citrullinated TNC in patients with early sy-
novitis was associated with the development of RA [51]. The early
detection of TNC in dermal fibroblasts biopsies of VEDOSS patients
might offer similar opportunities in identifying individuals at risk of
developing SSc.

4.2. Tenascin C expression is induced by the profibrotic cytokine TGF-§

We demonstrated that TNC expression in HC fibroblasts is induced by
the profibrotic cytokine TGF-f, this is consistent with earlier reports by
Bhattacharyya et al. who also suggested that autonomous TNC upregu-
lation by fibroblasts in various fibrotic disorders maybe due to autocrine
stimulation by TGF-p [4]. TGF-p has been identified as a regulator of
pathological fibrogenesis in SSc and related fibrotic disorders. Dysre-
gulation of TGF-f signalling is evident in SSc and high levels of this
profibrotic cytokine and its regulated genes have been detected in skin
biopsies, being positively correlated with the severity of the disease [4].
Although the inhibition of TGF-f, has been demonstrated as an efficient
strategy for reducing fibrosis in preclinical models, translating these
findings into clinic has proved difficult due to adverse effects stemming

from TGF-p’s physiological actions in inflammation and tissue homeo-
stasis. Fresolimumab, a TGF-p neutralizing antibody, does exert anti-
fibrotic effects in SSc patients, though this is accompanied by a high
incidence of keratoacanthomas, which limits its use in treatment [52].
Consequentially, alternative treatments are being sought.

TGF-f increases TNC expression in cardiac [53], lung [54], intestinal
subepithelial [55] and dermal fibroblast [4]. The latter was supported
by our current observations, which demonstrated a 3 and 5 fold increase
in TNC expression for SSc and HC fibroblasts, respectively. Previous
evidence that TGF-p Receptor Kinase inhibitor SB-431542, abolished the
induction of TNC by TGF-p and that TGF-p failed to induce TNC
expression in Smad3~/~ fibroblasts support a role for TGF-f signalling in
TNC induction [4].

It is noteworthy that TNC deficiency attenuates TGF-p-mediated
fibrosis in both isolated dermal and lung fibroblasts. TGF-f stimulation
of type 1 collagen and «SMA was attenuated in fibroblast isolated from
TNC™/~ null mice compared to wild type fibroblasts [4,6]. TNC defi-
ciency also attenuated TGF-p-mediated fibrosis following murine lung
injury [6]. TNC-null mice had 85% less lung collagen than wild-type
mice, following bleomycin injury (which is dependent on canonical
TGF-p signalling), with the lung interstitium containing fewer myofi-
broblasts and cells with intranuclear Smad-2/3 staining, suggesting
impaired TGF-p activation or signalling [6] and implying a role for TNC
in TGF-p’s fibrotic response.

Recently a role for TLR4 signalling in the augmentation of TGF-p
responses in SSc was proposed [45]. Elevated expression of TLR4,
together with increased accumulation of endogenous TLR4 ligands
(notably TNC, fibronectin-EDA and hyaluronic acid), in lesional skin and
lung tissues from patients with SSc and in mice with bleomycin-induced
SSc was reported [56]. Moreover, TLR4 activation also induced stimu-
lation of ECM gene expression in explanted skin fibroblasts and signif-
icantly enhanced their ability to mount a profibrotic response when
challenged with TGF-pl. A model for fibrogenesis was thus proposed
whereby tissue damage resulting from chronic injury stimulates the
local generation and accumulation of TNC, this then activates TLR4
signalling in resident fibroblasts resulting in enhanced ECM production
and TGF-B secretion and a self-amplifying vicious cycle of fibrosis [9]
(Fig. 8). Targeting the TNC-TLR4 interaction represents a promising
anti-fibrotic therapy. However, targeting TLR4 directly to break this
feedback loop may compromise the host immune defence. Disrupting
persistent TLR4 signalling by targeting the endogenous ligand’s, notably
TNC, interaction with TLR4, does however, represents a potential novel
strategy for breaking the cycle of progressive fibrosis in SSc [4,9].
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Fig. 8. Mechanism of self-sustaining fibroblast activity and fibrosis in SSc,
whereby tissue injury and TGF-p induce TNC expression resulting in the acti-
vation of TLR4 causing further tissue damage and ECM production. Adapted
from [9,57].

4.3. Small molecule modulators of the interaction between to the FBG
domain of TNC and TLR4 can attenuate TGF-$ induced fibrotic responses

We demonstrate that small molecule inhibitors 464 and 830 that
target the FBG domain of TNC to block its interaction with TLR4, were
able to attenuate the profibrotic effects of TGF-p. These inhibitors were
designed using an Adhiron guided ligand discovery technique. Small
molecules were selected based on their ability to mimic the structure of
the interacting residues from the Adhiron that binds to FBG and prevents
its interaction with TLR4. Specific binding of the selected inhibitors to
the FBG domain was confirmed using SPR. Adhiron reagents are small
non-antibody binding proteins that have been used in broad applications
including in the modulation of protein function and protein-protein
interactions. Although, their use in multiple protein capture-based as-
says (immunoassays and diagnostics) has been established, in vivo
therapeutic application is at present in its early stages, hence the interest
in developing a series of small molecule to mimics their effect.

Both 464 and 830 have structural similarity (Fig. 6B) in that they
both contain the same central substituted dimethoxyphenyl core, how-
ever 464 contains a saturated piperidine ring on the western portion of
the molecule whereas 830 contains an aromatic N-methylpyrazole. The
eastern portion of the molecules both contain saturated ring systems,
with 830 having a piperidine whereas 464 contains the larger azapane
ring. Importantly both inhibitors display favourable ADME properties
making them suitable for further optimisation (Table 2). While the
preliminary ADME profiles of these molecules are encouraging, they
require further iterative rounds of optimisation to achieve comparable
efficacy and pharmacological properties to established anti-fibrotic
agents such as pirfenidone and nintedanib. However, both of these
drugs are associated with adverse effects including nausea, diarrhoea,
and weight loss, highlighting the ongoing need for the development of
novel therapeutic options. Both inhibitors were effective in reducing the
expression of TGF- stimulated fibrotic genes including aSMA, COL1A1,
COL1A2 and CCN2 as well as myofibroblast differentiation as assessed
by attenuation of collagen gel contraction. In conclusion, these finding
indicate that small molecules selectively targeting the interaction of the
FBG domain of TNC with TLR4 abrogated fibrotic responses in SSc fi-
broblasts in vitro following TGF-p stimulation, with 464 and 830 being
promising candidates for further development as anti-fibrotic drugs.
Moreover, it highlights the utility of Adhiron guided ligand discovery to
generate small molecule inhibitors to selectively target protein-protein
interactions.

Limitations of the study: This proof-of-concept study has identified
first-generation compounds that effectively suppress the profibrotic
phenotype of dermal fibroblasts derived from patients with SSc. To

10

Bioorganic Chemistry 167 (2025) 109251

validate the therapeutic potential of these compounds in a physiologi-
cally relevant context, further studies employing optimized second- or
third-generation molecules in animal models of fibrosis as well as in
immune cells (e.g. macrophages and dendritic cells), which have been
implicated in the pathogenesis of SSc and in which TNC has been shown
to function as an endogenous ligand for TLR4, are warranted. However,
such investigations fall outside the scope of the current study. Addi-
tionally, it is acknowledged that our experimental approach relies on the
indirect activation of the TNC-TLR4 signalling axis via TGF-p stimula-
tion, rather than directly targeting the TNC-TLR4 interaction. Direct
modulation of this pathway would be necessary to conclusively validate
the mechanistic inferences drawn from our findings.
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