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Hyaluronic acid (HA)-based biomaterials have been demonstrated to promote wound healing and tissue
regeneration, owing to the intrinsic and important role of HA in these processes. A deeper
understanding of the biological functions of HA would enable better informed decisions on applications
involving HA-based biomaterial design. HA and fibronectin are both major components of the
provisional extracellular matrix (ECM) during wound healing and regeneration. Both biomacromolecules
exhibit the same spatiotemporal distribution, with fibronectin possessing direct binding sites for HA.
As HA is one of the first components present in the wound healing bed, we hypothesized that HA may
be involved in the deposition, and subsequently fibrillogenesis, of fibronectin. This hypothesis was tested
by exposing cultures of mesenchymal stromal cells (MSCs), which are thought to be involved in the early
phase of wound healing, to high molecular weight HA (HMWHA). The results showed that treatment of
human bone marrow derived MSCs (bmMSCs) with exogenous HMWHA increased fibronectin fibril
formation during early ECM deposition. On the other hand, partial depletion of endogenous HA led to a
drastic impairment of fibronectin fibril formation, despite detectable granular presence of fibronectin in
the perinuclear region, comparable to observations made under the well-established ROCK inhibition-
mediated impairment of fibronectin fibrillogenesis. These findings suggest the functional involvement of
HA in effective fibronectin fibrillogenesis. The hypothesis was further supported by the co-alignment of
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fibronectin, HA and integrin o5 at sites of ongoing fibronectin fibrillogenesis, suggesting that HA might
be directly involved in fibrillar adhesions. Given the essential function of fibronectin in ECM assembly
and maturation, HA may play a major enabling role in initiating and propagating ECM deposition. Thus,
HA, as a readily available biomaterial, presents practical advantages for de novo ECM-rich tissue
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rsc.li/materials-b formation in tissue engineering and regenerative medicine.

bodyweight can be attributed to HA, which is abundantly present
in many tissues such as the skin. It has a fast turn-over rate
HA is a key biomacromolecule of the ECM and is composed of  (30% per day) and is upregulated during tissue remodelling." Its
repeating glucuronic acid and N-acetylglucosamine disaccharides cell- and histocompatibility, as well as intrinsic role in tissue
[-B(1,4)-GlcUA-B(1,3)-GlcNAc-],. About 0.02% of a person’s development and repair* make HA a biopolymer of choice in a
vast range of biomaterials designed to limit fibrosis, accelerate
wound healing, and augment functional recovery.>”

Missinato and colleagues showed that the difference
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availability of HA in sufficient amounts throughout the wound
healing process.® Biological processes, such as cellular pro-
liferation, migration and differentiation, as well as inflammatory
processes and the extent of fibrosis are influenced by HA as a
function of its molecular weight (size) and the physiological
context.® Upon tissue injury, HMWHA originating from blood,
platelets and the surrounding damaged tissue is released into
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the injury site, where it contributes to the formation of the early
provisional wound matrix.>'® Due to its hygroscopic nature, a
desirable biophysical attribute for hydrogel biopolymer,’
HA facilitates the formation of a porous network that is
advantageous for diffusion of signalling molecules and the infiltra-
tion of inflammatory cells.”"* These inflammatory cells are regu-
lated by HA, as it accumulates during the formation of the second
order provisional matrix.">"* Contrary to its shorter chain homo-
logs, HMWHA exhibits strong anti-inflammatory activity.">"* This
characteristic highlights the potential of HMWHA-based biomater-
ials for the treatment of chronically inflamed clinical conditions."*

Concomitantly with HA, fibronectin is also an early ECM
component to be deposited.’®"” Its fibrillar assembly is necessary
for other ECM components, such as fibrillin 1 and collagen type I
to be deposited.’”*° Fibronectin is incorporated into the ECM via
cell-mediated fibrillogenesis, a multi-step, integrin-dependent
process.”>*" First, it is initiated by binding of soluble globular
fibronectin molecules to integrin o5p1 receptors on the cell
membrane. Subsequently, integrin receptors translocate bundles
of actin filaments in a Rho-mediated manner towards the center
of the cell.’?** The resulting cell-generated forces induce
conformational changes in the fibronectin molecules, elongating
them and exposing cryptic fibronectin-fibronectin binding
sites.”*?*?* Aggregation of a5P1 integrins at pericentral location
allows for intermolecular interaction of elongated fibronectin
molecules, leading to the assembly of fibronectin fibrils.>*?°

Interestingly, the N-terminal side of fibronectin was
identified as a binding side for HA,>""*® where a large amount
of positively charged amino acids (mainly lysine) reside.”
During wound healing and regeneration, HA and fibronectin
follow the same spatial and temporal distribution in the
reorganizing tissue, with HA being present during the stage
of fibronectin deposition.***> Indeed, the use of exogenous HA as
a solution or gel was shown to promote fibronectin deposition
in vitro**** and in vivo,® albeit controversial reports to this
finding exist.***” Nevertheless, the role of fibronectin-HA inter-
actions and the relevance of their co-presence in wound healing
remain unknown. Since HA is one of the first ECM components
present during tissue remodelling, we hypothesized that HA may
also be involved in the process of fibronectin fibrillogenesis and
therefore in the formation of the second order provisional matrix.

The clarification of such a fundamental function of HA
during wound healing and regeneration would provide a strong
rationale for the adoption of HA as a promising biomacro-
molecule in application-driven biomaterial design, for the
purpose of promoting ECM deposition and thus de novo tissue
formation in vitro and in vivo.

To test this hypothesis, cultures of mesenchymal stromal
cells (MSCs) were exposed to a range of HMWHA concentrations
and the cell-mediated assembly of the provisional matrix in vitro
was investigated. MSCs, which are excellent ECM producers,
were studied, as they are one of the recruited cell type to promote
wound healing.’®*®* Human bone marrow-derived MSCs
(bmMSCs), one of the major ECM-producing stromal cell types
utilized in regenerative therapies,'>*® were used to study ECM
assembly in response to HA.
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Results

Exogenously added HA increased deposition of
fibrillar fibronectin

Human bmMSCs were cultured in the presence of HA (M, =
1.6 MDa) at concentrations ranging from 0-500 ug ml ™" for
2 days. Higher concentrations (1000 pg ml™") visibly affected
the viscosity of the HA solution and were thus excluded from
the experiment. The cultured cells were then immunostained
for fibronectin and the respective surface area coverage was
quantified and normalized to the number of cells (based on
DAPI-positive counts) in the respective imaged area (imaged
area = 15% of total well). Supplementation with highest HA
concentration (500 pg ml™') led to significantly increased
fibronectin deposition (Fig. 1A and B). It should be noted that
although cells used here were cultured in medium with low
serum concentration (0.5%), cellular fibronectin assembly
could still be masked by non-specific adsorption of serum-
derived fibronectin. As the appropriate incorporation of
fibronectin into the ECM involves a cell-mediated fibrillogenesis
process,”" we investigated the effect of varying HA concentrations
on the deposition of fibrillar fibronectin. We first removed non-
fibrillar, globular fibronectin using existing protocols,*" based on
the reported solubility of fibronectin in the non-ionic detergent,
DOC.*" The remaining fibrillar fibronectin in the cell layer was
quantified. As the ECM was relatively unstable after only 2 days in
culture, the partial cell lysis and ECM removal upon DOC
treatment could result in variable amounts of deposited
fibronectin. Nevertheless, a HA concentration-dependent increase
in fibronectin fibril deposition was observed, reaching significance
at concentrations of 50 pg ml ' and above (Fig. 1A and B).
An independent cell proliferation assay demonstrated no cell
proliferation effect of HA at this early timepoint (Fig. 1C),
suggesting that HA-mediated enhancement of fibrillar
fibronectin deposition was unrelated to an increase in cell
number. To investigate if supplementation of exogenous HA
would affect the deposition of other major ECM components,
we also stained the respective cell layers for collagen type I at
day 2 and 6. At day 2 only very limited amounts of collagen type
I were detected. By day 6 a substantial amount of collagen type I
was deposited, although no significant differences in the
overall amount were observed upon HA treatment at various
HA concentrations and the control (Fig. 1D and E). We and
others have previously shown that most marked differences in
collagen type I deposition can be observed by day 6 or 7,
whereas at later time points an equal plateau in collagen
type 1 deposition is often approached in all conditions.*****?
These data show that exogenous HA dose-dependently
increased fibrillar fibronectin assembly.

Inhibition of fibronectin fibrillogenesis did not affect HA
presence or distribution

In accordance to previous reports stating that HA directly
interacted with fibronectin,** we stained endogenous HA using
hyaluronic acid binding protein (HABP), and investigated its
cellular distribution in relation to fibronectin by confocal

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Exogenously added HA increased deposition of fibrillar fibronectin
(FN) in the cell layer. Cultures of human bmMSCs were incubated for
2 days with [HA] 0-500 pg ml~%. (A) Representative images of FN before
(total FN) and after deoxycholate (DOC) wash (fibrillar FN) visualized by
immunocytochemistry. (B) Total FN was quantified as FN area coverage
normalized to cell count (DAPI count of the same imaged area). Both total
and fibrillar FN were normalized to respective controls (HA 0). A HA
concentration-dependent effect on fibrillar FN deposition was observed.
(C) Cell proliferation assay (CCK-8) determined cell nhumber in day 2
cultures. Absorbance values were normalized to HA O control and show
no statistical differences in between the various conditions. (D) Representative
images of immunostained collagen type | (col I) in bmMSC layers at day
2 and 6. (E) Quantification of deposited col | (area coverage) normalized to
DAPI count and HA 0. Collagen | was substantially deposited by day 6 of
culture, although deposited amounts were not affected by the various
concentrations of HMWHA. *p < 0.05, **p < 0.001. Scale bar = 1000 pm.
n = 10 biological replicates.

microscopy at day 2 of culture. As shown in Fig. 2, the depicted
cell showed a characteristic pattern of fibronectin with distinct
fibers extending from a pericentral area to the outskirts of
the cell and pre-fibrillar fibronectin (granular fibronectin
staining aligned in the direction of future fibers) in the peri-
central area. HABP staining showed that HA intensely occupied
the whole cell surface area, reaching the outskirts of the cell,
where the staining appeared dimmer (Fig. 2). The homogeneous
distribution of HA was visibly interrupted by fibronectin

This journal is © The Royal Society of Chemistry 2021
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pre-fibrillar arrangements (Fig. 2(R1)) and formed fibronectin
fibers (Fig. 2(R2)), which carved their way through the HA
cushion in the direction towards the polar edges of the cell.
Hence, in relation to fibronectin, HA appeared to mainly
occupy the space in between fibers, although co-localization
was also observed in few locations (Fig. 2).

Next, we sought to investigate if impaired fibronectin fibrillo-
genesis would interfere with HA presence or distribution.
Fibronectin fibrillogenesis was inhibited by disrupting the
Rho A pathway, responsible for the cell-contractile machinery
that acts upon fibrillar adhesions.*® Y-27632 was used to inhibit
Rho kinases (ROCK) in MSCs for 24 h, using previously
published protocols,” in the presence or absence of exogenous
HA. Actin staining showed that Y-27632 treatment caused loss of
defined actin filaments and cell polarity (Fig. 3A), confirming
successful ROCK inhibition.*> To quantify differences in fibrillar
fibronectin, we performed multistep image processing for the
isolation and quantification of fiber length (Fig. 3D(i) and (ii)).
As described previously,>**° the successful inhibition of cellular
contractility impaired fibronectin fibril formation (Fig. 3B-D),
evident by the diffuse presence of fibronectin, especially at
perinuclear region and by the loss of fibrillar structures.
However, ROCK inhibition had no apparent effect on HA
presence or distribution. Moreover, addition of exogenous
HMWHA into ROCK-inhibited cultures did not rescue fibronectin
fibril formation (Fig. 3B and C). Together, these results showed
that impaired fibronectin fibrillogenesis did not affect HA
presence or distribution and that exogenous HA supplementation
was insufficient for rescuing disrupted fibronectin fibril
formation.

Hyaluronic acid was required for proper fibronectin fibril
formation

In order to investigate the effect of HA on fibronectin fibrillo-
genesis, bmMSCs were treated with an established HA synth-
esis inhibitor (4-methylumbelliferone, 4-MU). Previous studies
have established that 4-MU concentrations of up to 0.5 mM
mainly impair HA synthases, whereas above this concentration
other sulfated glycosaminoglycans (GAGs), such as heparan
sulfate, were also negatively affected.*”*® In our experimental
set-up, as shown in Fig. 4, a 48 h treatment with 0.5 mM 4-MU
impaired fibronectin fibrillogenesis, as evident from the accu-
mulation of granular fibronectin at perinuclear regions and
visible reduction of fibrillary fibronectin structures. Nonethe-
less, HABP staining revealed that HA presence and distribution
was not affected at this 4-MU concentration, indicating other
HA-independent effects to be responsible for the reduction in
fibronectin fibrillogenesis. Hence, in our hands 4-MU appeared
to be unsuitable to investigate the effect of reduction of HA on
fibronectin fibrillogenesis (Fig. 4).

As an alternative to 4-MU we used chromatographically
purified mammalian hyaluronidase (HAse) to remove the
continuously synthesized HA. The high purity of the enzyme
ensured a negligible interference from other GAG-digesting
enzymes. Mammalian HAse exhibits a high substrate specificity
towards HA and has a very limited ability to also degrade
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Fig. 2 Cellular HA cushions accommodate newly formed fibronectin (FN) fibers. Confocal image of immunostained FN and HABP-staining of HA in
human bmMSCs on day 2. Higher magnification of orthogonal views of pre-fibrillar structures (R1) and FN fibers (R2). The selected image is representative

of n = 6 biological replicates, 6500 cells per replicate.
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Fig. 3 Inhibition of fibronectin (FN) fibrillogenesis did not affect HA
presence and distribution. Y-27632 was used to inhibit ROCK in human
bmMSCs, with or without 500 pg ml™ HA supplementation. Day 2 cultures
were stained with phalloidin filamentous actin (F-actin) to determine
effective ROCK inhibition, as confirmed by lack of organized cytoskeleton
(A). Immunostained FN and HABP-staining of HA were visualized at
4x magnification (B) and 40x magnification (C) to obtain an overview
over the distribution of FN and HA, as well as their cellular organization,
respectively. Upon ROCK inhibition, few FN fibers were visible, and only a
diffuse cellular distribution of FN was observed, whereas HA distribution
was not affected. n = 6 biological replicates. Scale bar: (A) 50 um, (B)
200 pm and (C) 20 pm. (D) Quantification of fiber length by processing
acquired images (i) with ImageJ software using (ii) a fiber detection plug-in.
The results are plotted as total fiber length per cell, normalized to
untreated controls (iii). ****p < 0.0001. Scale bar: 10 pm.
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chondroitin sulfate, albeit at a much slower rate and only for
chondroitin sulfates with specific sulfation patterns.*® Since
chondroitin sulfates have a very low abundance in undifferentiated
MSC-derived ECM,® we considered any interference due to
potential degradation of chondroitin sulfate in our experimental
set-up to be insignificant. As bmMSCs assemble ECM in vitro at
neutral pH and HAse is most effective at acidic pH, concentrations
of HA >10 U per 5 x 10° cells were required to degrade the
continuously synthesized HA in our cultures. Moreover, the
experiment was performed under serum-free conditions to
avoid any effect-masking by the abundant serum-derived
fibronectin. Endogenous fibronectin and HA were stained after
24 h of incubation and imaged by widefield fluorescence
microscopy. In all conditions, cells attached to the surface
and deposited fibronectin. Non-treated samples (Control, no
HAse) and samples that were supplemented with exogenous
HMWHA (HA 500 pg ml™") exhibited numerous and
well-defined fibronectin fibers and a homogenous HA distribution
over the entire cell body (Fig. 5A), consistent with what we observed
earlier (Fig. 2 and 3). HAse treatment resulted in a detectable
decrease in HA staining intensity, confirming progressive HA
ablation, although low amounts of HA were still detectable
(Fig. 5A). Under this partial HA depletion, significantly fewer
fibronectin fibers were visible, exhibiting a diffuse and thinner
appearance than in control cultures. Additionally, an intense
staining of granular fibronectin was observed in the pericentral
region, whereas in the periphery fibronectin staining exhibited a
finely grained appearance, indicating absence of the typical fiber
organization (Fig. 5A). In particular, the accumulation of granular
fibronectin in the perinuclear region exhibited a high similarity to
the fibronectin distribution for cells under ROCK inhibition
(Fig. 3C and 5B).

Quantification of total fiber length per cell revealed a 50%
decrease in the amount of fibrillar fibronectin in HAse treated
cultures, as compared to untreated controls. It is noteworthy
that supplementation of exogenous HA resulted in a 3-fold
increase in fibronectin fibers (Fig. 5C), further confirming the
data presented in Fig. 1. Together, these data showed that HA
was required for fibronectin fibrillogenesis.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 4-MU disturbs fibronectin (FN) deposition and cell morphology but
does not inhibit HA synthesis. bmMSCs treated with 0.5 mM 4-MU, or its
vehicle, for 2 days were labelled with anti-FN and HABP for HA. (A) Low
magnification micrographs show a reduction in FN covered area but not in
HA presence or distribution. (B) High magnification micrographs highlight
impaired FN assembly and smaller cells. Scale bar: (A) 1 mm and (B) 40 pm.
n = 6 biological replicates.

In order to investigate if addition or depletion of HA might
have had an effect on the expression of relevant proteins, RT-PCR
was performed on samples exposed to HAse or supplemented
with exogenous HMWHA. Depletion of HA had no effect on the

>

HAse 10U Control

HAse 50U

HA 500 pg/ml

Fig. 5 HA was required for proper fibronectin (FN) fibrillogenesis.
(A) Human bmMSCs were cultured in the absence of serum for 24 h,
and optionally supplemented with 10 U, 50 U of HAse or 500 pg ml™* HA.
Respective samples were stained with anti-FN antibodies and HABP and
imaged by widefield fluorescence microscopy. Nuclei were counter-
stained with DAPI. Squares depict areas of higher magnification of the
definition of the FN fibers (square = 18 x 18 um). (B) Immunostained FN of
a cell under ROCK-inhibition by Y-27632. (C) Quantification of fiber length
by processing acquired images, plotted as total fiber length per cell
normalized to untreated controls. **p < 0.01, ****p < 0.0001.
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Fig. 6 Addition or depletion of HA does not affect the expression of
fibronectin (FN), CD44 and the majority of HA synthases. Human bmMSCs
were cultured in the absence of serum for 24 h with optional supplementation
of HAse (10 U, 50 U) or HA at 500 pg ml™. Total mRNA was isolated and
the levels of FN, CD44, HAS1, HAS2 and HAS3 mRNA were quantified by
gRT-PCR. mRNA levels normalized to non-treated samples (control) are
shown. GAPDH (housekeeping gene) was used to normalize individual gene
expression. n = 3 biological replicates.

expression of fibronectin (FN1) or HA-synthase genes (mainly
HAS1, HAS2, HAS3), or HA receptor CD44. Similarly, addition of
exogenous HMWHA did not affect expression of FN1, CD44, HAS1,
HAS2, but did significantly increase the expression of HAS3
(Fig. 6). Thus, HA levels do not dramatically affect synthesis of
fibronectin and the majority of genes associated with fibronectin
fibrillogenesis.

HA was localized at sites of active fibronectin fibrillogenesis

To further elucidate the potential role of HA in the fibronectin
fibrillogenesis process, we sought to investigate if HA would be
localized at sites of active fibronectin fibrillogenesis. This was
carried by co-staining of HA, CD44 and molecules involved in
fibronectin fiber formation.

While fibronectin can be associated with both focal and
fibrillar adhesions, it is the latter that exerts the necessary
physical force to unfold globular fibronectin, an essential
step in fibronectin fibrillogenesis.>® Fibronectin and HA were
co-stained with integrin o5, an essential factor located at the
active sites of fibronectin fibrillogenesis (fibrillar adhesions),
and with integrin aV, a constituent of focal adhesions, which
can both recruit fibronectin dimers and bind mature fibronectin
fibers.>®>' Comparable to HA distribution, integrin o5 was found
more concentrated in the pericentral cellular region and at
the nucleus (Fig. 7A and Fig. S1, ESI{), where it is known to
be recycled.”® In addition, integrin o5 also associated with
fibronectin fibers at all stages of maturation. Sites of fibronectin
fiber formation were identified both at the sites of cell retraction
(Fig. 7A) and perinuclear region (Fig. 7B), where thin fibronectin
fibers in the cellular periphery, directed towards the center of the
cell, transited into a discontinuous, but aligned arrangement of
fibronectin molecules. Since HA, CD44, FN and integrin o5 were
very abundant and not restricted to sites of fibronectin fibrillo-
genesis a broader view of their alignment at the sites of interest
were challenging. Instead, these sites were highlighted in the
regions of interest (ROIs) (Fig. 7). At these sites of active

J. Mater. Chem. B, 2021, 9, 7205-7215 | 7209
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Fig. 7 HA is associated with forming fibronectin fibrils. Day 2 cultures of
human bmMSCs were stained with anti-fibronectin (FN), -CD44, and
-integrin o5 (int. o5) antibodies and HABP. Representative images acquired
by confocal microscopy. Squares indicate regions of interest (ROIs) that
are magnified at the side and depict integrin a5 at sites of active FN
fibrillogenesis (fibrillar adhesions, indicated in circled areas) and HA (A) or
CD44 (B). N, nucleus (DAPI stained). n = 6 biological replicates. Scale bar:
10 pm, ROIs = 2 pm.

fibronectin fibrillogenesis, integrin o5 and HA co-localized with
the forming fibers in a linear pattern, connecting or overlapping
aligned fibronectin molecules, structurally defined as fibrillary
adhesions.”® It is noteworthy that the majority of HA and
integrin o5 staining did not overlap. The tips of the forming
fibronectin fibers ended in perinuclear regions, where HA and
integrin o5 were highly abundant, albeit not yet assembled into a
fibrillar pattern, which would have indicated fibrillar adhesions
(Fig. 7A).

To further explore the relationship between HA and fibronectin
we performed co-immunostainings of HA receptor CD44>* and
integrin a5 (Fig. 7B and Fig. S1, ESIt). The staining patterns
revealed CD44 to be abundantly present on the whole cell surface,
with a similar distribution as observed for HA (Fig. 2). Further-
more, CD44 was also found to align with integrin o5 and fibro-
nectin in fibrillar structures (Fig. 7B).

Comparable observations were also made for MSCs supple-
mented with HA 500 pg ml~* (Fig. S1, ESI{).

7210 | J Mater. Chem. B, 2021, 9, 7205-7215

Fig. 8 Fibronectin-HA pre-fibrillar structures are not associated with
focal adhesions. Human bmMSCs were cultured for 2 days and confocal
images were acquired from immunostained fibronectin (FN), integrin oV
(int. V), and CD44, and HABP-labeled HA. Squares indicate regions of
interest (ROIs) that are magnified at the side and depict focal adhesions
(indicated by circled areas). Nuclei were counterstained with DAPl. n = 6
biological replicates. Scale bar = 20 pym, ROIs = 2 um.

Interestingly, HA did not accumulate and did not co-localize
well with focal adhesions (Fig. 8A), identified by characteristic
drumstick-like clusters of integrin oV, whereas CD44 was
uniformly distributed in and around focal adhesions (Fig. 8B).
Hence, HA appeared present at sites of active fibronectin
fibrillogenesis and thus might be directly involved in the process.

Discussion

A number of HA-based biomaterials have previously been
developed to promote tissue healing and regeneration, in view
of the important role of HA in these processes. We observed in
bmMSC cultures that supplementation with exogenous HA
promoted fibronectin fibrillogenesis, measured by the increase
of deposited fibrillar fibronectin. On the contrary, the partial
enzyme-based depletion of endogenous HA significantly impaired
fibronectin fiber formation, showing that HA is necessary for
effective fibrillogenesis. Additionally, the fibronectin profile upon
HA digestion (appearance, organization and localization) closely
resembled that of cells with inhibited fibronectin fibrillogenesis
(by means of ROCK-inhibition)** further confirming our
hypothesis.

It should be pointed out that endogenous and exogenous HA
have to be distinguished, as the former is cell-synthesized and
thus often bound to the cellular surface,** whereas the latter is
of a specific molecular weight, added to cell culture and
thus freely diffusible. The difference in HA presentation could

This journal is © The Royal Society of Chemistry 2021
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therefore result in distinct effects in cellular responses,®
although this was not evident in our study.

Interestingly, previous reports on the effect of HA on
fibronectin deposition are controversial. In contrast to our
findings, in an in vitro study on lung fibrosis, Evanko et al.
reported that the disruption of HA promoted fibronectin
deposition, as quantified by an increase in area coverage.*
However, the authors made no distinction between fibrillar and
non-fibrillar fibronectin. As shown in our results, even
when fibronectin fibrillogenesis is completely impaired via
ROCK-inhibition, fibronectin is still present and continues to
be associated with the cell body, but lacking fibrillar structures.
Indeed, in the representative pictures, depicted in the study of
Evanko et al., the fibrillar structure of fibronectin was lost in
the absence of HA,*® comparable to our own observations.

It is noteworthy that in an independent study, low molecular
weight HA was reported to not affect fibronectin deposition,®”
indicating that HA size might be a determining factor in this
process.

In accordance with our findings, HA was shown to promote
fibronectin deposition vivo.*> Furthermore, Shendi and
co-workers observed enhanced fibronectin deposition upon
addition of exogenous HA into fibroblast cultures.>® Although
their finding did not exhibit statistical significance at the
experimental time-points chosen, the deposition of collagen
type I was significantly increased. As fibronectin is an early
deposited molecule, later time points (day 3, 7, 14) might have
not been able to capture this event very well. The observed
effect was claimed to be induced by the biophysical principle of
macromolecular crowding (MMC).>* Contrary to their findings,
our results showed that although HA enhanced deposition of
fibrillar fibronectin, collagen type I deposition was not
significantly affected, even when its deposition was most
obvious. Given the different observations made by us and
Shendi et al.*® on the effects of exogenous HA on collagen
type I deposition and since we provided lower concentrations of
HA, it is unlikely that MMC affected fibronectin fibrillogenesis
in our experimental set-up. Since macromolecules involved in
MMC are supposed to be rather inert, while excluding free
volume,'® whereas HA is known to interact with the cellular
surface and various extracellular molecules,*® other mechanisms
are indeed probable to be responsible for the observed effect.

The alignment of our results with that of others provides
further proof that the conclusions made based on bmMSC
cultures can be extrapolated to other stromal cell types such as
myofibroblasts®® and fibroblasts,*® as well as to in vivo
studies.® It can be thus concluded that HA promotes fibronectin
fibrillogenesis.

To explore the potential mechanism HA might have in the
fibronectin fibrillogenesis process, we investigated the effect of
HA addition or depletion on mRNA levels of fibronectin, CD44
and HA synthases. Indeed, the amount of fibronectin being
synthesized appeared not to be affected, when fibrillogenesis
was enhanced or impaired via HA addition or partial depletion,
respectively. This indicates that the observed effects on the
fibrillogenesis process did not depend on the amount of
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fibronectin being synthesized but rather point towards other
HA-guided mechanisms. Of course, the expression of other
genes involved in the fibrillogenesis process, and not tested
here, might have been affected instead.

Our results also showed that the expression of CD44 and
HASs was not affected, except for HAS3, which was increased
after supplementation of exogenous HMWHA. In a different
study, increase in HAS3 expression was observed in leading
regenerative processes in the zebrafish tail,>” pointing to additional
potential mechanisms by which HA-based biomaterials might
promote tissue healing and regeneration.

A potential alternative mechanism might be the direct
involvement of HA in fibrillar adhesions. As indicated by our
results following ROCK inhibition, which led to the expected
inhibition of fibronectin fibrillogenesis, but was not accompanied
by changes in HA cellular organization, HA’s involvement in the
firbillogenesis process might be independent of the cellular
contractile apparatus.

Using integrin o5 as a visual marker for fibrillar adhesions
and thus areas of fibronectin fibrillogenesis, we observed
that HA and CD44 not only were connected to fibronectin but
also formed linear arrangements in the direction of forming
fibronectin fibers. In contrast, HA and fibronectin were less
frequently observed in focal adhesions, as compared to
adjacent areas. This observation suggests that such distinct
alignments of HA, fibronectin molecules and integrins, as
observed at fibrillar adhesions, were not transversal to all
fibronectin-associated adhesions but seemed rather specific
for sites of ongoing fibrillogenesis.

Based on the fact that HA has binding sites for
fibronectin®”*® and our observed spatial co-arrangement of
fibronectin and HA in fibrillar adhesions, HA might indeed
have a potential role in the spatial organization of fibronectin
molecules. HA might promote fibronectin molecules aggregation,
or even facilitate globular fibronectin unfolding. Alternatively, the
high abundance, albeit not overlapping, of integrin o5 and HA in
areas adjacent to the forming fibronectin fibers, might suggest HA
to be involved in the spatial organization of integrin o5 into future
fibrillar adhesions.

Hence, our current data indicate that HA might be directly
involved in the fibronectin fibrillogenesis process. Nonetheless,
other alternative mechanisms, such as the effect of HA on the
cellular contractile apparatus, and the exact role of HA in
fibrillar adhesions remains to be elucidated.

Conclusions

Our findings provide insights into the significant role of HA
in FN fibrillogenesis. Since fibronectin is essential for
ECM assembly and tissue build-up,'®'® our findings
implicate a direct mechanism through which HA guides ECM
deposition.

This conclusion is of biological relevance as HA not only
contributes to the first-order provisional wound matrix,” but also
plays a pivotal role in the formation of the second order
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provisional matrix.">"” This property of HA strongly suggests the
utility of incorporating HA into biomaterials that are intended for
de novo ECM-rich tissue formation in vivo and in vitro. Such
biomaterials would be invaluable for the repair of large tissue
defects, where a significant amount of tissue including ECM has to
be replaced, and for engineering of tissues in vitro, where the
assembly of an in vivo-like ECM-rich microenvironment is
needed.”®

The novel role of HA in ECM assembly shown here is a
heretofore unknown fundamental molecular function of HA,
which is essential for wound healing and tissue formation and
has strong implications for the design of biomaterial-based
regenerative therapies.>

Materials and methods

Materials

HA with molecular weights (M;) between 1.5 and 1.8 MDa,
commonly used for cell culture, was obtained from Sigma-
Aldrich (Steinheim, Germany; cat# 53747, purity of 99.9%).
Growth medium and supplements were obtained from Gibco
(Life Technologies, Grand Island, NY, USA).

The following reagents were used to label human cultures
and proteins (Table 1):

Reagents and instruments for electrophoresis and western blots
were purchased from Invitrogen (Life Technologies, Rockford, IL,
USA). For the cell proliferation assay, we used Cell Counting Kit-8
(Sigma Aldrich, St. Louis, MO, USA, #96992) according to the
manufacturer’s instructions. Absorbance at 450 nm was read in a
spectrometer (Thermo Scientific Multiskan Go, Finland).

Table 1 Antibodies and reagents for immunostaining

Reagents Host  Dilution used Catalog # Supplier

Primary antibodies

Anti-fibronectin Rabbit 1:500 (IF) ab2413  Abcam

1:6000 (WB)
Anti-CD44 Rat 1:100 ab119348 Abcam
Anti-integrin o5 Mouse 1:150 ab78614 Abcam
Anti-collagen I  Mouse 1:1000 C2456 Sigma
Anti-integrin V. Mouse 1:150 ab16821 Abcam
Anti-GAPDH Rabbit 1:6000 ab181602 Abcam
Secondary antibodies
Anti-rabbit AF 488 1:500 ab150077 Abcam
Anti-rat AF 594 1:500 ab150160 Abcam
Anti-mouse AF 555 1:500 ab150178 Abcam
Anti-mouse AF 647 1:1000 A31571  Molecular Probes
Anti-rabbit-HRP 1:5000 A27036  Molecular Probes
Others
HABP-biotin 1:200 BC41 Hokudo Co.
Phalloidin-AF 555 1:1000 ab176756 Abcam
Streptavidin-DyLight 650 1:500 ab134341 Abcam
DAPI 1:1000 564907  BD Pharmingen

IF - immunofluorescence; WB — western blot; Suppliers: Abcam, Hong
Kong; Molecular Probes, Eugene, OR, USA; Hokudo Co., Sapporo, Japan;
BD Pharmingen, San Diego, CA, USA; Sigma, Saint Louis, MI, USA.
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Cell culture

Human bmMSCs derived from three different donors with ages
below 37 years old (Lonza, Walkersville, MD, USA; and
Millipore, Temecula, CA, USA) were cultured individually to
subconfluency in gelatin coated flasks with growth medium
(Dulbecco’s Modified Eagle’s Medium (DMEM) with 1 g L™*
glucose and GlutaMAX, and supplemented with 10% fetal
bovine serum (FBS) and 100 U ml™" penicillin and 100 pg ml~*
streptomycin (P/S)) at 37 °C in 5% CO,. bmMSCs were then
trypsinized with TrypLE (Gibco) and seeded between passages
6 and 9 at 6.5 x 10° cells per cm” in tissue culture treated 48-well
plates for low magnification imaging or on 8 mm diameter glass
coverslips (incubated with DMEM with 10% FBS for 4 h prior
seeding) for high magnification images. The cells were allowed to
attach for 24 h in DMEM with 10% FBS, after which the medium
was exchanged for either control medium (0.5% FBS, 0.1 mM
ascorbic acid; Sigma-Aldrich, #A8960) or HA containing medium
(5, 50, 500 or 1000 pg ml~* HMWHA and 0.5% FBS, 0.1 mM
ascorbic acid). The bmMSCs were processed for cytochemistry
2 days post-induction.

Inhibition and degradation assays

For the inhibition of Rho kinases 1 and 2 (ROCK 1/2) in
bmMSCs, cells were treated 24 h after cell seeding with the
inhibitor Y-27632 (StemCell technologies, Vancouver, Canada,
#72302), as previously decribed.*® Briefly, Y-27632 was added to
culture medium at 10 pM for 24 h.

HA synthesis inhibition was performed according to the
method of Kultti et al*® using 4-MU. Briefly, cultures were
treated for 24 h with 4-MU (Sigma-Aldrich, #M1381) at 0.5 mM
in the medium.

For titrated HA digestion, the cells were cultured in the
absence of FBS to avoid any effect-masking by the abundant
serum-derived fibronectin and treated with chromatographically
purified mammalian HAse (Worthington, Lakewood, NJ, USA,
#1.5005477) at enzyme concentrations above 10 U per 5.0 x 10°
cells for 24 h. The perturbation experiments were carried out in
the presence or absence of HMWHA 500 pg ml . Controls
consisted of supplementation of delivery vehicles (PBS for ROCK
and HAse; 0.1% dimethyl sulfoxide for 4-MU). All cultures were
fixed with methanol for subsequent analysis.

Removal of non-fibrillar fibronectin

Non-fibrillar fibronectin was extracted from the cell layers
following the procedure of Sechler et al*' Briefly, bmMSCs
cultures prepared as described above were washed twice with
phosphate-buffered saline (PBS) and incubated for 10 min with
ice cold DOC, 0.25% (w/v) in water; Sigma-Aldrich, Steinheim,
Germany, #30970. The remaining ECM was washed with ice cold
PBS for 15 min and fixed for 15 min with ice cold methanol.

Cytochemistry

For staining of fibronectin or HA alone, methanol-fixation
was used, whereas in experiments requiring actin and integrin
staining, paraformaldehyde (PFA) fixation was used. Briefly, the
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cell layers were washed with PBS, fixed for 10 min with ice cold
methanol or for 20 min with 4% PFA (Thermo Scientific), and
then permeabilized with 0.5% saponin (Riedel-de Haén, Seelze,
Germany, #70940) for 10 min. Subsequently, after blocking for
1 h with 3% bovine serum albumin (BSA, Sigma-Aldrich,
#A7906; in 0.1% saponin-PBS for PFA-fixed samples), the
cultures were first incubated overnight at 4 °C with the primary
antibodies and HABP in 1% BSA (and 0.1% saponin for
PFA-fixed samples), washed, and then followed by secondary
antibodies or other dyes (such as DAPI and phalloidin) for 2 h
at room temperature. Finally, the samples were washed with
PBS mounted in Prolong Glass (Invitrogen, Life Technologies,
Eugene, Oregon, USA; #P36984), and visualized.

Real time reverse transcription-PCR

Total RNA was isolated from cell cultures with RNAiso plus
(TAKARA, Shiga, Japan, cat#:9109). mRNA was reverse
transcribed into c¢cDNA using PrimeScript RT Master Mix
(TaKaRa, Shiga, Japan, Cat#: RR036A). Real time PCR (qPCR)
was done using ABI QuantStudio7 Flex Real Time PCR System
(Applied Biosystems, Carlsbad, CA) with TB Green Premix Ex
Taq (TaKaRa, Shiga, Japan, Cat#: RR420A). cDNA was amplified
using the following human gene primers (Table 2):

The cycle thresholds (Ct) were normalized to GAPDH and
AACt was calculated in relation to control. To validate that
GAPDH expression was not affected by culture conditions, B2M
was also used as an alternative housekeeping gene, which
yielded similar results.

Microscopy

Epifluorescence images were taken with an Olympus IX83 inverted
fluorescence microscope (Olympus, Tokyo, Japan) equipped with
CellSense Dimension image acquisition software (Olympus, Tokyo,
Japan). Fibronectin covered area were image-acquired using a 4x
objective, where each image represented 14 mm?, 15% of total well
area. The images were processed and quantified using NIH Image
J v1.52i software (https://imagej.nih.gov/ij/) by excluding the back-
ground via threshold setting and applying a binary mask.

Table 2 RT-PCR gene primer sequences

Gene Sequence (5" — 3')
FN1 F: GTAGGGGTCAAAGCACGAGTCATC
R: GTCCCGGTGAGACAGATGAG
HAS1 F: CTACTGGGTGGCCATGTTGA
R: ACCACCCAGCAAGTTCGTG
HAS2 F: GTCCCGGTGAGACAGATGAG
R: AGGCTGGGTCAAGCATAGTG
HAS3 F: ATCCCCAAGTAGGGGGAGTC
R: AACCAGCAGGGAGTTAGCAC
CD44 F: GGGTCCCATACCACTCATGG
R: TTCTGCCCACACCTTCTTCG
GAPDH F: CCAGGGCTGCTTTTAACTCTGGTAAAGTGG
R: ATTTCCATTGATGACAAGCTTCCCGTTCTC
B2M F: CCGTGTGAACCATGTGACTT
R: CCAATCCAAATGCGGCATCT

Abbreviations: F, forward; R, reverse; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; B2M, 2 microglobulin.
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Confocal images were acquired using a Leica TCS SP8
inverted microscope equipped with HyD and PMT detectors,
using Pulse laser source (WLL) and a 63x oil-immersion
objective (Leica Microsystems, Wetzlar, Alemanha). The images
were acquired with LASX SP8 software (Leica Microsystems,
Wetzlar, Alemanha) in Lightning mode with 4 scan sequences,
one for each channel, to prevent crosstalk. Line bi-directional
scanning was the imaging mode used to prevent displacement
in between channels.

Fiber quantification

Fibronectin images acquired with a 40x objective and a wide-
field microscope were processed using NIH Image J v1.52p by
(1) isolating each cell, (2) subtracting background with constant
ball radius per each run, (3) manually removing the non-fibrillar
fibronectin cell core, and (4) executing Ridge Detection plug-in
(0 = 1.4, minimum fiber size = 8 pixels, lower threshold = 3.4). The
resulting fiber data points of each cell, and their lengths, were
summed and normalized over the average sum of the respective
control.

Statistical analysis

Statistical analysis on cytochemistry data was performed
with One- or Two-way Analysis of Variance algorithm after
confirming that the assumptions of normality and equal
variance were met. The summarized results were obtained from
at least three independent biological runs, each containing at
least 3 replicates. Post hoc Tukey tests were used for multi-
comparison, and p-values <0.05 were considered statistically
significant. All analyses were performed using GraphPad Prism v8.0
(GraphPad Software, San Diego, CA, USA, www.graphpad.com).
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