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Abstract

Cellular processes involve dynamic rearrangement of the cytoskeleton. The GTPase RhoA plays a
fundamental role in controlling cytoskeletal architecture. The phenotypic stability of chondrocytes is
enhanced through inhibition of RhoA, whereas RhoA activation leads to dedifferentiation. We
hypothesized that local inhibition of this pathway could induce chondrogenesis and cartilage
regeneration. In this study, a novel alginate-derived hydrogel system was developed for sustained
RhoA targeting. Specifically, an engineered variant of C. botulinum C3 transferase, a potent RhoA
inhibitor, was immobilized onto a hydrogel to achieve sustained release and enzymatic activity.
Chondrocytes encapsulated within this fully biocompatible, mechanically-stable scaffold produced a
stable collagen type IlI-rich matrix in vitro which matured over a six-week period. Samples were
implanted subcutaneously in mice, and similar production of a collagen type ll-rich matrix was
observed. The intrinsically versatile system has the potential to treat a number of clinical disorders,
including osteoarthritis, caused by RhoA dysregulation.

Introduction

Spatial organization of the cytosol is key to a wide range of cellular processes such as cell migration,
cytokinesis® or cell differentiation.”® The cell is indeed able to perform these functions through
rearrangement of its cytoskeleton. There is a strong correlation between cell shape and cytoskeleton
architecture, whether it be during cellular locomotion, phases of the cell cycle or at a defined
differentiation state. The cell responds to its physical and biochemical environment through cell-
surface receptors triggering signals,* which affect the Rho kinase family and regulate the cytoskeleton.
This family of interrelated GTPases, the most widely studied being Cdc42, Racl and RhoA, control actin
polymerization, the formation of stress fibers and microtubule organization.>™®

Mesenchymal stem cells (MSCs) are a typical example of cells whose differentiation can be influenced
by controlling cell morphology and cytoskeletal architecture. Differentiation of MSCs has been shown
to be dependent on cell density, cell shape and cytoskeletal tension.® During osteogenesis, MSCs
became more elongated and spread, while increasing the number of focal adhesions.® Biologically,
the cytoskeleton organization and cell contractility was shown to be largely regulated by RhoA in many
cell types and cytoskeletal tension appeared to be mediated by ROCK, a direct RhoA effector.®
Inhibition of RhoA (e.g., by expressing dominant negative RhoA) or ROCK (e.g., by using the small
molecule inhibitor Y-27632), enhanced adipogenesis while decreasing osteogenesis.® Moreover,
chondrogenesis was accompanied by cortical actin and a rounder cell morphology.t*2 Although
strongly dependent on the three-dimensional environment, strong focal adhesion attachments were
not essential for chondrogenesis.!* Chondrogenesis, leading to a lower amount of actin fibers and
smaller cell size, was favored by a decrease in RhoA activity. In other words, chemical inhibition of the
RhoA/ROCK pathways can control the chondrogenic differentiation of MSCs.4*>

Dedifferentiation can be defined as a biological mechanism where specialized cells degenerate to a
more rudimentary state, in which they are incapable of fulfilling their biological function.'® For
chondrocytes, dedifferentiation refers rather to a loss of key phenotypic markers of the cartilaginous
extracellular matrix, specifically collagen type Il and aggrecan, while redifferentiation refers to the
restoration of their expression. When chondrocytes were cultured in a three-dimensional
environment, chondrogenic genes such as SOX9 and collagen type Il were upregulated, whereas when
culturing the cells on a two-dimensional substrate, dedifferentiation was observed (Figure 1a). The
physical environment of the cells is thought to play an essential role in this process via mechanosensing
through cell membrane proteins.!> Numerous studies have been performed to try identifying the
biochemical factors leading to chondrocyte de- and re-differentiation. Parreno et al. showed that
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cartilage matrix biosynthesis was tightly regulated by actin polymerization.” Chemical induction of
actin depolymerization in dedifferentiated chondrocytes induced upregulation of SOX9 while
repressing collagen type 1.7 The authors suggested that the actin polymerization promoted the
expression of a collagen type I-rich fibroblastic matrix through myocardin-related transcription factors
(MRTF), which, in turns, led to the formation of fibrocartilage.” MRTF signaling to the nucleus is
controlled by the state of actin (filamentous F-actin or free globular G-actin) .18

RhoA is a particularly important mediator of cytoskeleton in chondrogenesis.>° Studies have shown
the effect of RhoA on chondrocyte dedifferentiation and highlighted the role of two important
downstream effectors, ROCK and mDia.> Inhibiting members of this signaling pathway induced a
chondrogenic phenotype. In particular, treating passaged, dedifferentiated chondrocytes cultured on
tissue culture plastic with a RhoA inhibitor, C3 transferase, stimulated the re-expression of collagen
type I, a marker of healthy cartilage (Figure 1b).2° On the biological level, the inhibition of ROCK
induced SOX9 upregulation, glycosaminoglycan synthesis, and cells adopted a spherical morphology.'*
A consensus phosphorylation site was identified on Ser'®! of SOX9. Surprisingly, its phosphorylation
and subsequent nuclear translocation was increased by ROCK overexpression and RhoA activation in
SW1353 chondrosarcoma cells.?! On the macroscopic level, RhoA/ROCK activation is thought to be
partly responsible for cartilage degradation in joint conditions such as osteoarthritis.?? The activation
of Rho/ROCK signaling by TGF-a (i.e., TGF-a expression levels are high in osteoarthritic cartilage %) and
its inhibition by C3 transferase or Y-27632 were extensively studied in primary chondrocytes and
osteochondral explants. The results indicated that high RhoA/ROCK levels induce chondrocyte
proliferation, catabolic activity and subsequent cartilage extracellular matrix (ECM) degradation.?

Collagen type Il

Round morphology
Induction of cartilage phenotype

Figure 1. (one-column, 8.45 cm) Chondrocyte dedifferentiation and RhoA inhibition. (a) Chondrocytes cultured on tissue
culture plastic evolve to a fibroblastic morphology characterized by prominent stress fibers. Activation of RhoA or one of its
effectors, ROCK, is believed to have an inhibitory effect on SOX9 expression, leading to loss of collagen type Il and
dedifferentiation. (b) Culture of chondrocytes in 3D and/or with the Rho inhibitor C3 transferase (C3) prevents
dedifferentiation. Here, RhoA is inhibited through the ADP-ribosylation of its active site. The reaction involves the conversion
of nicotinamide adenine dinucleotide (NAD*) into nicotinamide (Nam). Subsequently, SOX9 transcriptional activity leads to an
increase in collagen type Il.

In cartilage engineering, three-dimensional cell culture has become the gold standard to support
chondrocyte culture. In particular, polysaccharide hydrogels such as alginate showed excellent
biocompatibility and chondrogenic properties.?*?® Although these hydrogels promote a cortical
cytoskeletal arrangement and a round cell shape, they are often insufficient to promote full
redifferentiation. Controlling the cytoskeleton by the use of advanced cell-instructive materials has
gained popularity in the last decade, and cell behavior could be influenced by tuning the topographic
features of the cell environment.?” The combination of a biochemical stimulus with a tailored three-
dimensional environment represents a novel way of efficiently influencing cell behavior. Moreover,
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cross-linking of therapeutic molecules to a three-dimensional matrix is a safe method to provide a
local, sustained and controlled delivery, as opposed to systemic delivery.?®

In the present work, a new cell-instructive material targeting Rho GTPase activity of resident cells was
developed with the aim of achieving enhanced chondrogenesis. To achieve this, an alginate-based
hydrogel was conjugated to a RhoA inhibitor under physiological conditions. Briefly, the polysaccharide
backbone, functionalized with vinyl sulfone moieties, reacted with a cysteine residue by Michael
addition (Figure 2). The RhoA signaling pathway is potently inhibited by the enzyme C3 transferase,
isolated from Clostridium botulinum.?® A C3 variant including a cysteine residue at its C-terminus was
designed, allowing its cross-linking to the functionalized alginate (Figure 2b). The fusion protein, C3C,
chemically inactivates RhoA, RhoB and RhoC by ADP-ribosylating their active site. As chondrocytes
express matrix metalloproteinases (MMPs), especially in osteoarthritic environments,*® an MMP-
cleavable linker was introduced between the C3 gene and the cysteine cassette as a release
mechanism. Also, cell permeation was enhanced by the addition of a cell-penetrating peptide from the
HIV-1 Tat protein. The sustained enzymatic activity and stability of the C3C variant is shown, and the
strong chondrogenic potential of the C3C-loaded hydrogel was demonstrated in vitro and in vivo.
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Figure 2. (two-column, 17.5 cm) Preparation of the C3 transferase-functionalized hydrogels. (a) Alginate was modified in two
steps — thiolation and vinyl sulfonation — leading to AlgV, containing a Michael addition acceptor (light blue). (b) A fusion C3
transferase variant was designed and subcloned into the pET-26 expression vector for transformation in E. coli. Specifically,
the C3C variant introduced i) a HIV-1 Tat peptide for cell penetration, ii) a cysteine cassette as Michael addition donor (dark
blue) and iii) an MMP-cleavable sequence allowing the release from the hydrogel by enzymatic cleavage. (c) The two
components were reacted together under physiological conditions, leading to a stable C3C-conjugated hydrogel precursor,
which was then be gelled by ionic (calcium) cross-linking.

Results

Hydrogel characterization
After the two reaction steps — thiolation and vinyl sulfonation — the product, alginate vinyl sulfone
(AlgVs), was characterized and its substitution degree estimated by proton NMR (Figure 3a). Vinyl
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sulfone protons have a characteristic signal at 6.8, 6.4 and 6.3 ppm while the alginate backbone
protons have a chemical shift at 3.3-4.2 ppm. For each successfully substituted mannuronate or
guluronate monomer, the three vinyl sulfone protons correspond to five backbone protons. Therefore,
the degree of substitution (DS) was calculated using the equation below:

_Ezlvs

DS =
3Z[alg

where /s is the intensity of each vinyl sulfone proton and /44 the intensity of alginate protons and was
found to reach 9% for the batch analyzed.

To confirm that the reactions did not reduce the molecular weight of alginate, polymers were analyzed
using gel permeation chromatography (Figure 3b). No significant shift in the retention time was
observed, indicating negligible degradation.
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Figure 3. (one-column, 8.45 cm) Characterization of alginate vinyl sulfone. (a) 1H NMR (400 MHz, D,0) was performed on
functionalized alginate, AlgVs, after the two-step procedure and dialysis. The substitution degree was calculated by
normalizing the vinyl sulfone peaks (light orange) with the polymer backbone peaks (dark orange) and was found to reach
9%. (b) The modification of alginate leading to AlgVS showed no degradation regarding molecular weight, as assessed by gel
permeation chromatography.

Protein conjugation to alginate hydrogels

The hydrogel precursor was incubated with a fluorescent model protein (BSA-TexasRed, 2 uM) to
spectroscopically quantify the binding and retention of cysteine-containing proteins to AlgVS. BSA
contains thirty-five cysteine residues, leaving one free cysteine for the conjugation reaction. Hydrogels
were then cross-linked with Ca?* and transferred to saline to wash out unbound protein (Figure 4). The
amount of protein physically retained in unmodified alginate was very low (9.2 £ 3.7 %) whereas 55.0
+ 18.7 % of BSA-TexasRed was bound to AlgVS by Michael addition (* p < 0.05). It should be noted that
the manufacturer does not specify the details on the preparation of the TexasRed conjugate.
Therefore, destruction of thiols during TexasRed substitution or cysteine oxidation to cystine could
have reduced the number of available thiols for Michael addition.
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Figure 4. (one-column, 8.45 cm) Protein binding to alginate vinyl sulfone. To assess the binding of proteins to AlgVs,
fluorescent BSA-TexasRed was used. After incubating the protein solution with the hydrogel precursor, the gels were ionically
cross-linked and imaged. After seven days of incubation in a large volume of 0.9% NaCl, the amount of BSA retained in the
hydrogel was quantified by fluorescence microscopy. The amount of protein retained in AlgVS was 6-fold that of the control
and 55.0 + 18.7 % of the initially adsorbed protein; * p < 0.05, n=3.

Sustained C3C glycohydrolase activity

An HPLC-based activity assay showed that the engineered C3 variant had a high and sustained
enzymatic activity. In the absence of a protein substrate, the C3 exoenzyme can convert oxidized
nicotinamide adenine dinucleotide (NAD') into adenosine diphosphate-ribose (ADP-ribose) and
nicotinamide by cleaving the carbon-nitrogen bond.3! This glycohydrolase activity was quantified by
incubating the C3C enzyme (500 nM) with NAD* (400 uM) and monitoring the product formation and
substrate consumption over time (Figure 5a-b). By linear regression fitting, the enzymatic activity was
calculated to be 18.9 + 0.9 U/mg. This value was in the range of the reported values in the literature
(30.2 + 2.0 U/mg).3! A degradation product was identified as ADP-ribose was being produced. This
primary product slowly degraded into adenosine monophosphate (AMP) by cleavage of the
phosphodiester bond, and could be identified by HPLC.
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Figure 5. (two-column, 17.5 cm) Enzymatic of the C3C variant. (a) The in vitro glycohydrolase activity of the C3C variant was
assessed by HPLC over 100 hours. NAD* was used as a substrate while ADP-ribose (ADPR) was produced. At later time points,
ADPR further degraded into AMP. (b) The peak areas in (a) were quantified, resulting in an enzymatic activity constant of 18.9
+ 0.9 U/mg (R?=0.973). (c) The C3C stability over time was assessed by keeping the enzyme at 37 °C for four weeks, before
substrate addition.

As chondrogenesis and cartilage repair occur over long periods of time, we assessed the long-term
stability and activity of C3C and compared it to freshly thawed enzyme (Figure 5c). At equal reaction
times, the fresh enzyme converted more than 80% of the substrate into ADP-ribose or AMP while the
enzyme that was pre-incubated at 37 °C for four weeks converted about 71% of the substrate. As a
negative control, the NAD* substrate was incubated without enzyme to account for spontaneous
degradation (12%).

Effect of C3 transferase and AlgVS on cell viability and chondrogenic markers
After confirming the enzymatic activity in the absence of cells, the biocompatibility of C3C was
investigated with bovine and human chondrocytes. The viability of bovine chondrocytes was not
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significantly affected by one-week incubation with C3C (96.3 £ 0.6 % (control) vs 94.4 + 1.5 % (highest
concentration), Figure 6a). Human chondrocytes were slightly more sensitive to high doses of C3C (97.7
+ 1.3 % (control) vs 91.4 + 1.3 % (highest dosage), **** p<0.0001, Figure 6a). The effect of vinyl
sulfonation on cell viability was assessed after one week and no significant difference was observed
on both bovine (94.0 £ 1.3 % (Alg) vs 96.2 £ 0.6 % (AlgVS)) and human chondrocytes (88.0 £ 3.2 % (Alg)
vs 91.3 £ 4.2 % (AlgVs)).
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Figure 6. (two-column, 17.5 cm) Biological effects of C3C. (a) The viability of human and bovine chondrocytes was quantified
by live/dead assay after one-week exposure to various amounts of C3C (left) and after encpsulation in AlgVS hydrogels (right).
The viability of bovine chondrocytes was unaffected by C3C, whereas the highest concentration of C3C slightly decreased the
viability of human chondrocytes; **** p < 0.0001, n=3. AlgVS did not significantly alter the viability of chondrocytes compared
to alginate controls. (b) The gene expression of collagen types | & Il and SOX9 were quantified at three weeks by qRT-PCR.
Bovine chondrocytes were encapsulated into AlgVS-C3C hydrogels (dark orange) or in unmodified alginate, with C3C
supplementation (0.4 ug/mL, light orange) or without (grey). A trend was observed indicating the upregulation of
chondrogenic genes with C3C treatment; § p = 0.13, **** p <0.0001, n=3. (c) Immunohistochemistry was performed on AlgVs
hydrogels with/without C3C conjugation, for collagen types | and Il. Both proteins were strongly upregulated in the presence
of C3C. Scale bar: 500 um.

The expression of chondrogenic genes was quantified after three weeks exposure to C3C (Figure 6b).
The final construct AlgVS-C3C (dark orange) and the free form of C3C (light orange) were compared to
an untreated alginate control (grey). The expression of collagen type |, marker of fibrocartilage, was
not significantly affected by the presence of C3C while free C3C led to a significant upregulation of
Collagen type Il. The trend observed on the mRNA level was supported by immunohistochemistry,
where a strong effect was identified with C3C treatment (Figure 6c). However, on the protein level,
both collagen types were strongly upregulated upon C3C treatment.

Mechanical properties
The compressive modulus E and Ogden shear modulus u of the alginate samples were measured in
unconfined compression (Figure 7). The hyperelastic Ogden model accurately describes the behavior
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of certain hydrogels and soft tissues where the Young’s modulus increases with compressive strain.3?
Several Ogden material model constants can be extracted from the curve fitting.3® The chondrocyte-
seeded scaffolds were quantified after a six-week maturation period in vitro (Figure 7, right) and
compared to initial values (Figure 7, left). It was assumed that, at day 0, the cells had a negligible impact
on the mechanical properties of the hydrogels. At day 0, there were no significant differences in moduli
between alginate and AlgVS hydrogels. The compression modulus E was 25.9 + 3.9 kPa (Alginate) and
20.9 + 2.6 kPa (AlgVS), while the shear modulus y was 5.9 + 1.0 kPa (Alginate) and 6.7 + 1.2 kPa (AlgVSs).
After six weeks in culture, chondrocytes (bCh)-seeded scaffolds exhibited significant differences
between the C3C-loaded hydrogel (AlgVS-C3C) and the unloaded control (AlgVS). Whereas the control
samples lost strength after six weeks incubation at 37 °C (7.4 + 3.6 and 1.4 + 0.4 kPa (* p<0.05,***
p<0.001) for the compressive and shear moduli, respectively), the C3C-loaded gels matured to improve
the mechanical strength (46.5 + 14.3 and 5.0 + 1.3 kPa (** p<0.01, *** p<0.001) for the compressive
and shear moduli, respectively).

Mechanical properties

807 . *kk
1

'k

% 1

— 1

20- o Mg

Compression modulus [kPa]
N
o

0

Alginate AlgVs AlgVsS  AlgVs-C3C
® Acellular (week 0) A bCh-seeded (week 6)

Figure 7. (one-column, 8.45 cm) Mechanical properties of C3C-loaded AlgVS hydrogels. The mechanical properties of alginate
and AlgVS were measured in an unconfined compression setup on acellular scaffolds, at day 0 (left ®) and bCh-seeded
scaffolds, after six weeks of culture (right A ). The compression modulus (black) was calculated between 5% and 15% strain,
and the Ogden shear modulus (blue) was calculated by curve-fitting until 90% strain of an Ogden hyperelastic model (first
order). Samples with immobilized C3C performed significantly better compared to AlgVs alone; * p < 0.05, ** p < 0.01, ***p
<0.001; n=3.

In vitro and in vivo cartilage extracellular matrix biosynthesis

To investigate the production of a collagen type II-rich matrix as well as its retention in vivo, two sets
of AlgVS-C3C hydrogels were implanted subcutaneously in the back of nude mice and kept for three
weeks. In the first dataset, hydrogels were precultured for three weeks, while, in the second dataset,
the gels were prepared shortly before implantation. Collagen types | and Il were evaluated by
immunohistochemistry and compared to cells encapsulated in unmodified alginate. In the in vitro
samples, the AlgVS-C3C samples led to a stronger matrix production than the alginate controls (Figure
8, left). Moreover, a maturation of the scaffolds was observed over time, as shown by the significantly
more intense staining at week 6, compared to week 3. Another characteristic of all samples was the
correlation between collagen types | and Il. As the production of collagen type Il was increased,
collagen type | was also upregulated.

AlgVS-C3C also led to an increased matrix production in vivo (Figure 8, right). However, at equal
implantation times, the samples that were freshly prepared had an increased matrix production,
compared to the samples precultured for three weeks. The hydrogels that led to the best performance,
that is a high production of collagen type Il and moderate production of collagen type I, were freshly
prepared AlgVS-C3C (Figure 8, In vivo, AlgVS-C3C, -). The results indicated that the collagen Il-rich
matrix produced during the preculture time was partially lost when implanted (Figure 8, In vivo, AlgVS-

9



258  (C3C, Precult.). Alginate control hydrogels induced a higher production of collagen type | when
259 precultured in vitro for three weeks compared to freshly-prepared (-) gels. Bovine cartilage and a rabbit
260 IgG isotope control are shown as positive and negative control, respectively (Figure 8, bottom).

In vitro In vivo
AlgVS-C3C Alginate AlgVS-C3C Alginate
3w 6w 3w 6w Precult. - Precult. -

7

Collagen typelll

Collagen type |

Cartilage explant (pos. control)

Collagen type I Collagen type | Ingsotope neg. control

261

262 Figure 8. (two-column, 17.5 cm) Immunohistochemistry of AlgVS-C3C hydrogels in vitro and in vivo. AlgVS-C3C hydrogels (blue)
263 were compared to alginate (black) in both in vitro (left) and in vivo (right) conditions. Immunohistochemistry was performed
264 for collagen type Il (upper row) and type | (middle row). Positive and negative controls are depicted on the lower row. The in
265 vitro samples were cultured for three (3w) or six (6w) weeks while the in vivo samples were subcutaneously in the back of
266 nude mice for three weeks, with (Precult.) or without (-) a three weeks preculture period. The samples without preculture led
267 to the richest collagen type Il matrix production in vivo; n=3 (in vitro), n=4 (in vivo). Scale bar: 500 um.

268  Discussion

269 Dysregulation of RhoA is implicated in a number of diseases including osteoarthritis, asthma, cancer,
270 tumor metastasis, erectile dysfunction, glaucoma, neuronal degeneration and cardiovascular
271 diseases.?* In 2016, more than 170 small-molecule ROCK inhibitors, a direct effector of RhoA, were
272 reported.3* However, despite the significant interest and the many potential applications, relatively
273  few inhibitors have reached the stage of clinical trials or received market authorization. The use of
274 ROCK inhibitors in systemic therapies is strongly hindered by multiple side effects such as hypotension
275 or vasodilatation.?®> Nevertheless, two drugs have already been approved for clinical use. Fasudil, in
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Japan, is used to treat cerebral vasospasm and pulmonary hypertension and Ripasudil, in China, is used
in the treatment of glaucoma and ocular hypertension. Related to the present work, a cell-permeable
version of C3 transferase was developed (BA-210, VX-210, Cethrin) and clinical trials were started for
acute spinal cord injury in phase 1/2a (Nov 2013)%37 and phase 2b/3 (May 2018).38

In addition to the drug-specific side effects induced by systemic delivery, low bioavailability and short
plasma half-lives are additional obstacles to an effective treatment, which can be overcome by local
delivery strategies. Intra-articular injection, for example, effectively increases bioavailability while
reducing off-target effects, although the drug is relatively quickly cleared from the joint.2® There is a
need for systems that allow sustained retention of the therapeutics. Covalent immobilization of a drug
onto an implanted scaffold could fulfill the requirements of prolonged residency time and local
exposure, 3940

The RhoA inhibitor used in the present work is a variant of the bacterial enzyme, C3 transferase. The
activation of RhoA occurs via a guanine nucleotide exchange factor (GEF), which stimulates the
exchange of guanosine diphosphate (GDP) by guanosine triphosphate (GTP). Thus, Rho GTPases act as
a molecular switch, cycling between an active GTP-bound form and inactive GDP-bound form.*! C3
transferase specifically ADP-ribosylates the active region of RhoA, RhoB and RhoC, thus permanently
inactivating the GTPase.?! Since this is an intracellular process, it is important that the enzyme be both
released from the matrix and uptaken by the cells. To achieve release, the protein was attached to the
hydrogel via an MMP-cleavable linker, known to be expressed by osteoarthritic chondrocytes.304?
Since RhoA is implicated in a number of cellular processes, its inhibition raised concerns about reduced
cell viability. Chondrocytes treated with free C3 at 0.6 pg/ml for one week were viable and showed
enhanced glycosaminoglycan production.?’ It is believed that low concentrations of C3 transferase
slow cell proliferation rather than reduce cell viability.2>** More precisely, chondrocytes have an
intrinsically low cell proliferation rate and it is known that they lose their chondrogenic phenotype
upon passaging. To confirm that the engineered variant, C3C, did not impair chondrocyte viability, the
free enzyme was incubated at different concentrations and the viability measured after one week. A
cytotoxic effect was only observed at concentrations above 3.2 pg/ml.

The native form of C3 transferase has a low cell penetration rate, which strongly limits its efficacy. A
commercial variant exists with enhanced cell permeation (e.g., CT04, Cytoskeleton, Denver, CO, USA).
In this commercial product, a proprietary sequence was conjugated to C3 transferase via a disulfide
bridge and showed high efficacy in vitro. The manufacturer recommends concentrations up to 2.0
pg/ml. Although there is no strong consensus on the best cell-penetrating peptide, the most widely
used approach is the sequence from the HIV-1 Tat protein added to the N-terminus of the fusion
protein.* Due to the addition of protein fragments at both ends of the C3 transferase, concerns about
reduced enzymatic activity were raised. A protocol was previously published to measure the
glycohydrolase activity of C3 exoenzyme using a fluorescent analog of NAD*.3! This assay was based on
the 10-fold fluorescence increase between the substrate, e-NAD*, and the product, e-ADP-ribose. By
monitoring the fluorescence of the reaction mixture (Aex 305 NM; Aem 410 nNm), the glycohydrolase
activity of the enzyme was measured. However, this procedure is incompatible with proteins purified
by histidine affinity chromatography, without post-purification. Indeed, this purification method
requires high concentrations of imidazole, which has a fluorescence profile similar to e-ADP-ribose,
thus interfering with the fluorescence measurement. To overcome this limitation, an HPLC-based
method by A. Gasser and A. H. Guse* was adapted to allow the simultaneous measurement of the
substrate (NAD*), the product (ADP-ribose) and the degradation product (AMP) concentrations, by
measuring the absorbance at 270 nm, and avoiding imidazole interference.
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Polysaccharide modifications reported in the scientific literature sometimes cause a substantial
molecular weight loss, due to the harsh environment used for the functionalization, which in turn
affects the mechanical strength of the hydrogel. For this reason, it was crucial that the two-step
reaction leading to alginate vinyl sulfone did not degrade the polymer. This procedure was developed
to allow good control of the degree of functionalization, in mild conditions, which prevented polymer
degradation.*® Functionalizing polymers with vinyl sulfone moieties was performed on several
polymers with no detrimental effect on chondrocyte viability; specifically, PEG-VS was synthesized and
further functionalized with peptides?’; galactaric acid-lysine copolymer functionalized with vinyl
sulfone was used in cartilage engineering®® and hyaluronan-VS was used as an intermediate for the
synthesis of hyaluronan-transglutaminase.*® However, free vinyl sulfone exhibits high cytotoxicity. To
remove unconjugated vinyl sulfone molecules, AlgVS was extensively dialyzed after synthesis.
Furthermore, AlgVS was incubated with free cysteine after Michael addition to C3C to quench
unreacted vinyl sulfone moieties.

When chondrocytes were encapsulated in the C3C-loaded gels, the scaffolds became, over time,
progressively more opaque, suggesting the production of extracellular matrix. Another observation
suggesting a higher metabolic activity and matrix production was the faster media color change,
compared to the unloaded hydrogels. Generally, chondrogenesis (e.g., induced by TGF-B) and the
consequent increased in matrix production are accompanied by faster acidification of the culture
media. In most chondrogenic materials, a strong link between collagen type Il (characteristic of hyaline
cartilage) and type | (characteristic of fibrocartilage) is observed. An upregulation of collagen type Il
often leads to simultaneous upregulation of type |, which was also observed in our construct, AlgVs-
C3C. After a six-week culture time, the intensity of the collage type Il immunostaining was similar to
that of native cartilage. A substantial difference can be observed between week 3 and week 6,
confirming a continuous matrix deposition and a sustained enzymatic activity. Covalently bound C3C
was active for extended periods of time, while it is unlikely that a single dose of any unconjugated
therapeutic molecule remains active in the site of action for several weeks. Chondrogenic
differentiation of MSCs is generally believed to take around three weeks,* although other studies
aiming at developing osteochondral grafts focused on a six-week timeframe.>® The timescale of
chondrogenesis is still undergoing investigation and was shown to vary according to the
microenvironment of the cell.>°

Overall, when implanting the AlgVS-C3C hydrogels in the back of nude mice, AlgVS-C3C samples
produced more collagen type Il than the alginate controls. However, some differences were observed
between samples that were precultured and freshly prepared hydrogels. Even with a three-week
preculture time allowing the chondrocytes to produce a collagen type ll-rich extracellular matrix in
vitro, the intensity of immunohistochemical staining after harvesting the samples from the mice was
higher in freshly prepared samples. Therefore, freshly prepared AlgVS-C3C samples are believed to be
the best option for cartilaginous matrix production in a subcutaneous implantation model. It should
be noted that chondrogenesis is not fully characterized by the sole amount of collagen types | and II.
The SOX transcription factors, non-collagenous proteoglycans (e.g., aggrecan) or hypertrophic markers
play an important role in the quality of the engineered construct.*® Consequently, more work is needed
to understand the interplay between the different markers in order to address all aspects of
chondrogenesis.

Conclusions

In conclusion, a cell-instructive material inhibiting RhoA signaling was developed and tested for its

ability to enhance chondrogenesis. It is known that chondrocytes respond to their three-dimensional

environment to produce functional extracellular matrix. For example, chondrocytes quickly

dedifferentiate when cultured on a two-dimensional substrate. The cells also strongly react to
12
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biochemical stimuli (i.e., such as TGF- or C3 transferase), that can help to avoid dedifferentiation and
induce chondrogenesis. Combining mechanical and biochemical cues could represent a novel way of
inducing the production of cartilaginous extracellular matrix. The cytoskeleton is known to play a
central role in chondrogenic differentiation, which was enhanced by specific inhibition of RhoA. In this
study, we developed a modified version of alginate, AlgVS, to allow its cross-linking to thiol-containing
molecules. A variant of the bacterial inhibitor C3 transferase was designed, expressed and conjugated
to AlgVS under physiological conditions. This chondrocyte-seeded material was assessed in vitro and
in vivo and showed good biocompatibility, sustained enzymatic activity, and improved mechanical and
chondrogenic properties. Due to the relevance of RhoA in many other tissues and cell types, we believe
that the applicability of this construct extends beyond cartilage engineering and could play a role in
treating other pathologies.
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Materials and methods
Chemicals. Unless otherwise stated, solvents and reagents were purchased from Sigma-Aldrich, Buchs,
Switzerland.

Plasmid design. The C3 transferase sequence corresponds to nucleotides 1-654 of EMBL-EBI accession
number X51464 from Clostridium botulinum (Uniprot P15879). On the N-terminus, a cell-penetrating
peptide extracted from residues 48-60 of the Tat protein (Human immunodeficiency virus, Uniprot
P04608) was introduced and on the C-terminus, an MMP-cleavable sequence (GPQGIWGQ) and a
cysteine cassette (ERCG) were added. Small linkers were added to space out the protein fragments.
The protein tags were converted into DNA sequences using codons optimized for expression in E. coli
and was flanked with Ndel and Xhol restriction sites to allow subcloning into the pET-26b expression
vector (Novagen), expressing a polyhistidine-tag at the C-terminus. The plasmid map can be found in
the supporting information. The synthesis as well the subcloning was performed externally (Biomatik,
Wilmington, DE, USA) and 4 g of plasmid supplied as a lyophilized powder. Electrocompetent BL21
(DE3) E. coli cells were transformed by electroporation with 400 ng of this plasmid, using standard
protocols.

Protein expression and purification. A single colony was inoculated into 5 mL lysogeny broth (LB) + 50
ug/mL kanamycin and grown overnight at 37 °C. The following morning, the preculture was diluted
1:100 into fresh LB + 50 pg/mL kanamycin. The culture was grown at 37 °C with 200 rpm shaking until
an ODgo of 0.4-0.6 was reached (about 2.5 hours). At this point, the cells were induced with 0.2 mM
isopropyl-B-D-thiogalactoside (IPTG), and the temperature lowered to 27 °C, 180 rpm. The protein
production was allowed to proceed for 20 hours, before pelleting the cells by centrifugation (5000 g,
15 min). The supernatant was discarded and the pellet frozen. The pellet was thawed and resuspended
in cold lysis buffer (50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole, 1X protease inhibitor
(cOmplete™ protease inhibitor cocktail, Roche, Basel, Switzerland), 1 mg/mL lysozyme, pH 8.0) (1
mL/100 mL culture). The slurry was incubated 30 min on ice and sonicated using three 10 sec bursts at
50% intensity (Digital sonifier 250, Branson, Danbury CT, USA). The cell debris were separated by
centrifugation (16,000 g, 15 min) and filtrated at 0.45 um.

The C3 transferase (C3C) was purified by affinity purification on an automated chromatographic
purifier (Akta FPLC, GE Healthcare, Glattbrugg, Switzerland) under the following conditions. The Ni-
affinity chromatography was performed using a 1 mL HisTrap™ HP column (GE Healthcare, Glattbrugg,
Switzerland) with a two-step gradient of imidazole (20 2 90 mM in 3 CV, 90 = 250 mM in 17 CV), 1
mL/min. The signal was recorded at 254/280 nm, and fractions with an absorbance > 200 mAU were
collected and analyzed by polyacrylamide gel electrophoresis. Finally, the fractions containing the
purified protein were pooled, aliquoted and frozen with 10% glycerol as cryoprotectant. The yield using
this method was =4 mg C3C per liter of bacterial culture.

Alginate functionalization. Alginate (Pronova UP LVG, Novamatrix, Sandvika, Norway) was
functionalized with vinyl sulfone moieties, with a target of 5% substitution. To 40 mL of a 150 mM
solution of 2-(N-morpholino)ethanesulfonic acid (MES) in water were added 100 mg alginate (=0.5
mmol of the -COOH functional groups) and 3.0 mg 3,3'-dithiobis(propanoic dihydrazide) (DTPHY;
0.0125 mmol, 0.025 eq/COOH; Frontier Scientific, Logan UT, USA) were added. The pH of the resulting
mixture was 4.3. 4.8 mg of N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC; 0.025 mmol, 0.05
eq/COOH) were then dissolved in a small volume of H,0, before adding to the alginate solution under
vigorous stirring. The reaction was allowed to proceed overnight standing at room temperature. To
reduce the disulfide bridges introduced by DTPHY, 11.5 mg of tris(2-carboxyethyl)phosphine-HCI
(TCEP; 0.05 mmol, 4 eq/DTPHY); Fluorochem, Hadfield, United Kingdom), first dissolved in a small
volume of H,0, was added to the alginate solution and allowed to react overnight at RT with gentle
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shaking. The solution was then supplemented with 1 g NaCl and dialyzed against acidified milliQ water
(pH 5.0, 105 M HCl).

Triethanolamine buffer (10 mL of 300 mM solution, pH 8.0) was added to the recovered solution of
thiolated alginate. Two hundred fifty pL divinyl sulfone (2.5 mmol, 200 eq/DTPHY) was added and
allowed to react for 3 hours at RT. Finally, 4 g of NaCl were added to the solution and dialyzed against
milliQ water. The resulting alginate vinyl sulfone (AlgVS) was sterile-filtered before being aliquoted and
lyophilized. The degree of substitution was calculated by *H NMR and was found to reach 5.3%.

Gel permeation chromatography. The functionalized alginate was analyzed by gel permeation
chromatography (GPC) using the following parameters: Column: Agilent AdvanceBio SEC 300A
7.8x300mm, 2.7 um; eluent: Na,HPO, 60 mM + NaH,PO, 40 mM, pH 7.0; temperature: 30 °C; flow rate:
0.7 mL/min; runtime: 15 min; detectors: absorbance at 214 nm, refractive index.

Glycohydrolase activity measurement. C3 has, besides its ADP-ribosyltransferase activity a high
glycohydrolase activity and can convert B-nicotinamide adenine dinucleotide (NAD*) into adenosine
diphosphate-ribose (ADPR) and nicotinamide.3!

Ten ulL of the purified C3C solution and 10 pL of a 4 mM NAD* stock solution were diluted into 80 pL
reaction buffer (5 mM MgCl,, 100 mM KCIl, 20 mM Tris, pH 7.5). The final protein and substrate
concentrations were 0.5 uM and 0.4 mM, respectively. The reaction mixture was gently mixed and left
to react at 37 °C up to 100 hours. At logarithmically-spaced time points, the reaction mixture was
injected on HPLC under the following conditions. Column: ACE Equivalence C18, 4.6x250 mm, 5 um
(Advanced Chromatography Technologies, Aberdeen, United Kingdom) kept at 30 °C; solvent system:
solvent A: methanol, solvent B: 20 mM KH,PO4 + 5 mM tetrabutylammonium hydroxide, pH 6.0;
gradient in % methanol (% A): 0 min: 15%, 3.5 min: 15%, 5.5 min: 32.5%, 6.5 min: 32.5%, 9 min: 40%,
11 min: 50%, 16 min: 50%, 18 min: 15, 27 min: 15%; detector: 214, 270 nm; retention times: 8.0 min
(NAD?), 10.8 min (AMP), 12.4 min (ADPR); run time: 27 min.*

Fluorescent protein binding. Fluorescently-labeled bovine serum albumin (BSA) was used to assess
protein binding to AlgVS. A solution of BSA-Texas Red (A23017, Thermo Fisher Scientific, Waltham MA,
USA) at 0.25 mg/mL in 200 mM borate buffer, pH 8.0 was prepared. There are no details on the
TexasRed conjugation on the manufacturer’s website. Lyophilized AlgVS was dissolved in 150 mM NaCl
at 2% w/v and mixed 1:1 with BSA-Texas Red. 40 pL were pipetted onto a gel caster, which was
immediately closed and immersed in 100 mM CaCl,, 10 mM HEPES, pH 7.4 for 30 min. Following
gelation, the samples were imaged on an epifluorescence microscope (Axio Observer.Z1, Zeiss,
Oberkochen, Germany) and the integrated density was measured with ImageJ 1.51. The samples were
then transferred to a large volume of 50 mM HEPES, 150 mM NaCl, pH 7.4 and kept for seven days to
elute unbound protein. After this incubation time, the amount of BSA-Texas Red retained in the
hydrogels was quantified in the same way and normalized to the protein initially adsorbed. To account
for fluorophore quenching, the fluorescence intensity of BSA-Texas Red was measured after seven
days at RT using a conventional plate reader (data not shown).

Cell culture. The media used throughout the cell isolation and expansion was Dulbecco’s Modified
Eagle Medium (DMEM) (31966, Gibco, Thermo Fisher Scientific, Waltham MA, USA) supplemented
with 10% FBS (10270, Gibco, Thermo Fisher Scientific, Waltham MA, USA), 82 ug/mL L-ascorbic acid 2-
phosphate sesquimagnesium and 10 pg/mL gentamycin (15710, Gibco, Thermo Fisher Scientific,
Waltham MA, USA). This media is referred to as “expansion media” in the following section. Bovine
chondrocytes (bCh) were isolated from 6 months old calf knees, obtained from a local butcher. The
cartilage pieces were first washed with PBS containing 50 pg/mL gentamycin and cut into smaller
pieces (1-2 mm3). The minced cartilage was then enzymatically digested with collagenase (0.12 % w/v,
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C6885) in expansion media for 5-6 h at 37 °C. The chondrocyte suspension thus obtained was filtrated
with 100 um and 40 um cell strainers to remove undissolved cartilage pieces. The cells were pelleted,
resuspended in recovery medium (12648, Gibco, Thermo Fisher Scientific, Waltham MA, USA) at 1.0 x
10° cells/mL and frozen at passage 0 until further use.

For the cell viability measurements, human chondrocytes (hCh) were isolated using a similar
procedure, under ethics approval # KEK-ZH 2013-0097. The donors were aged between 21 and 38 years
old cells were frozen at passage 1 (P1).

Cell viability. The viability was measured on bovine and human chondrocytes at passage 1, cultured in
2D at a seeding density of 2,000 cells/cm?. The free C3C was added to the culture media in a
concentration range 0.1-3.2 pg/mL and the cells kept for seven days before being quantified with 2
UM calcein AM and 1 uM propidium iodide. The viability of bovine/human chondrocytes encapsulated
at a cell concentration of 5 x 10° cells/mL in AlgVS was measured after one week using the same assay
and compared to cells encapsulated in alginate hydrogels. The imaging was performed with an
epifluorescence microscope and images quantified with ImageJ 1.51.

Preparation of cell-seeded protein-loaded hydrogels. P1 bCh were suspended in expansion media at
15-20 x 10° cells/mL. In parallel and one day before cell encapsulation, AlgVS was dissolved in 100 mM
HEPES, pH 8.0 at 2% w/v. C3C was added to this hydrogel precursor solution at a concentration of 32
ug/mL (measured by SDS-PAGE). The Michael Addition was allowed to proceed for 24 hours at 30 °C,
with shaking, and the unreacted vinyl sulfone moieties were quenched by the addition of 100 mM
cysteine for 8 hours. The cells were mixed 1:1 with the gel component and 40 pL were deposited on
the gel casters, as described previously. Consequently, each hydrogel contains 1% AlgVs, 0.4 pg C3C
and 3-4 x 10° cells. The caster was closed and immersed in pre-warmed, sterile 100 mM CaClz, 10 mM
HEPES, pH 7.4 for 30 min. The gels were transferred to expansion media, and the media was changed
twice a week.

Gene expression. To assess the effect of C3C on extracellular matrix biosynthesis, bovine chondrocytes
were encapsulated in 1% w/v unmodified alginate and exposed to 0.4 ug/mL free C3C (added to the
culture media) or encapsulated in 1% w/v AlgVS-C3C. An untreated control condition was performed
where cells were encapsulated in 1% w/v unmodified alginate, without C3C supplementation. After
three weeks of culture, the gels were snap-frozen in liquid N; and the RNA extracted using a NucleoSpin
RNA kit (Macherey-Nagel, Diiren, Germany) according to manufacturer’s instructions. RNA was
transcribed to cDNA using SuperScript lll (Thermo Fisher Scientific, Waltham MA, USA) and amplified
by quantitative real-time PCR (StepOnePlus, Applied Biosystems, Thermo Fisher Scientific, Waltham
MA, USA) with SYBR® Green master mix. The genes analyzed were RPL13a (internal reference gene;
FWD 5'-GCCAAGATCCACTATCGGAAA-3’, REV 5'-AGGACCTCTGTGAATTTGCC-3'), collagen type |
(COL1A2; FWD 5-CGAGGGCAACAGCAGATTCACTTA-3, REV 5-GCAGGCGAGATGGCTTGTTTG-3'),
collagen type Il (COL2A1; FWD 5'-GGCCAGCGTCCCCAAGAA-3', REV 5'-AGCAGGCGCAGGAAGGTCAT- 3')
and transcription factor SOX9 (SOX9; FWD 5-ACGCGGCCCCAGGAGAAC-3’, REV 5'-
CGGATGCACACGGGGAACTT-3').

Mechanical testing. The mechanical properties of the scaffolds were measured under unconfined
compression, using a TA.XTplus Texture Analyser (Stable Micro Systems, Godalming, United Kingdom)
with a 500 g load cell and a @15 mm probe. To prepare the gels, unmodified alginate or AlgVS was
dissolved at 1% w/v in 150 mM NaCl. After complete dissolution, 40 uL was pipetted onto gel casters
and immersed in 100 mM CaCl, for 30 minutes. The gel dimensions using this procedure were @6x1.5
mm. Directly after, the gels were transferred onto the measuring plate and compressed at a speed of
0.02 mm/sec. The sampling rate was set at 10 measurements/data point, and each condition was
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performed in triplicate. The compressive modulus E was calculated between 5% and 15% strain,
according to the following formula:

_ F/Ao

E =
AL/L,

[kPa]

where F is the applied load [mN], Ao the initial surface area [mm?], Lo the initial height [mm] and AL is
the height difference [mm]. The shear modulus u was calculated by fitting the data to 90% strain using
the below formula:

o= —2% * ((1 - ﬁ)a_l -(1- ﬁ)_rj [kPa]

where o is the measured stress [kPa], € is the applied strain [%], u the shear modulus [kPa] and a a
material constant [-].

Immunohistochemistry. The samples were fixed for 30 min in 4% formaldehyde, 150 mM NaCl, 10 mM
CaClz, 10 mM HEPES, pH 7.4. 10 mM CaCl; were added to all subsequent solutions to avoid hydrogel
dissolution. The samples were then dehydrated by incubating the samples in ethanol/saline baths
(20%, 40%, 60%, 45 min/bath). Subsequently, the dehydrated gels were embedded in paraffin with an
automated embedder (Milestone Logos J, Sorisole, Italy). With a microtome (HM 325, Microm,
Walldorf, Germany), 8 um-thick longitudinal slices were cut. The sections were then deparaffinized
with two xylene baths and a series of baths with decreasing ethanol content. Here again, 10 mM CaCl,
was added to the baths containing <60% ethanol.

The buffer used for the immunohistochemical stainings was 150 mM NaCl, 10 mM CaCl,, 10 mM HEPES,
pH 7.4. For collagen types | and Il, the following polyclonal antibodies were used: ab138492 (Abcam,
Cambridge, United Kingdom) and 600-401-104 (Rockland, Limerick PA, USA; RRID:AB_217572). The
antigen retrieval was performed by first exposing the samples to 0.2% hyaluronidase for 30 min at 37
°C. The sections were then blocked with 10% normal goat serum (50197Z, Gibco, Thermo Fisher
Scientific, Waltham MA, USA) and incubated overnight with the primary antibodies at a 1:1500 and
1:200 dilution, for collagen types | and II, respectively. For colorimetric detection, endogenous
peroxidase activity was blocked for 15 min with 0.3% H,0,. After washing, the samples were exposed
to Goat Anti-Rabbit IgG H&L (HRP) at 1:1000 dilution (ab6721, Abcam, Cambridge, United Kingdom;
RRID:AB_955447) for 1h at RT. The samples were washed again and allowed to react with the DAB
substrate (ab64238, Abcam, Cambridge, United Kingdom) for precisely 2 min. To stain nuclei, Mayer’s
hematoxylin (MHS1) was added for 3 min. The slides were washed, dehydrated with 95% and 100%
ethanol and mounted. For fluorescent detection, the samples were incubated with anti-Rabbit IgG
Secondary Antibody, Alexa Fluor 488/594 conjugate (A-11008/A-11037, Thermo Fisher Scientific,
Waltham MA, USA; RRID:AB_143165/RRID:AB_2534095) for 1h at RT. For nuclear staining, the slides
were stained with DAPI for 15 min. Finally, the sections were washed and mounted. The images were
acquired on an automated slide scanner (Pannoramic 250 Flash II, 3Dhistech, Budapest, Hungary).

Subcutaneous implantation in nude mice. The protein-loaded hydrogels were made as previously
described, using bCh P1 as a cell source. The final cell concentration was 8 x 10° cells/mL. The first set
of samples were made right before the surgery while the second set of samples was made three weeks
before surgery and kept in expansion medium. Samples were implanted in the back of a nude mice
model (n = 4) according to Cantonal Guidelines for animal experimentation (License No. ZH118/2017).
After three additional weeks, the mice were euthanized, and the scaffolds were analyzed by
immunohistochemistry as described above.
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Statistical analysis. Quantitative data are expressed as mean + standard deviation. Ratio statistics was
used to evaluate protein retention (Figure 4). One-way ANOVA with Dunnett multicomparison was
used to compare cell viabilities (Figure 6). Two-way ANOVA with Dunnett multicomparison was
conducted to compare genes expression (Figure 6). The mechanical properties (Figure 7) were
evaluated with one-way ANOVA with Tukey multicomparison. One-/two-way analyses of variance
were performed with GraphPad Prism 7 and ratio statistics with IBM SPSS Statistics 24. Differences
were considered as significant for p < 0.05, unless otherwise specified.
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