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Abstract

The inflammatory response following implantation of a biomaterial is one of the major regulatory aspects of the overall
regenerative process. The progress of inflammation determines whether functional tissue is restored or if nonfunctional
fibrotic tissue is formed. This delicate balance is directed by the activity of different cells. Among these, macrophages
and their different phenotypes, the inflammatory M| to anti-inflammatory M2, are considered key players in the process.
Recent approaches exploit macrophage’s regenerative potential in tissue engineering. Here, we propose a collagen scaffold
functionalized with chondroitin sulfate (CSCL), a glycosaminoglycan known to be able to tune inflammation. We studied
CSCL effects on bone-marrow-derived macrophages in physiological, and lipopolysaccharides-inflamed, conditions in
vitro. Our data demonstrate that CSCL is able to modulate macrophage phenotype by inhibiting the LPS/CD44/NF-
kB cascade. As a consequence, an upregulation of anti-inflammatory markers (TGF-, Arg, MRCI, and IL-10) was found
concomitantly with a decrease in the expression of pro-inflammatory markers (iNOS, TNF-a, IL-1J3, IL-12[3). We then
implanted CSCL subcutaneously in a rat model to test whether the same molecular mechanism could be maintained in
an in vivo environment. In vivo data confirmed the in vitro studies. A significant reduction in the number of infiltrating
cells around and within the implants was observed at 72 h, with a significant downregulation of pro-inflammatory genes
expression. The present work provides indications regarding the immunomodulatory potential of molecules used for the
development of biomimetic materials and suggests their use to direct macrophage immune modulation for tissue repair.
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Introduction

factor presence and concentration,® and mechanical or
physical environment® of the niche. A relatively lower but

The stem cell niche of the injured tissue has been consid-
ered the ultimate target in tissue engineering for years.! A
broad variety of biomaterials have been successfully
developed to support proliferation, infiltration, or differ-
entiation of allogeneic transplanted®? or endogenous*
stem cells to achieve functional tissue restoration.
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However, the stem cell niche is a very complex environ-
ment characterized by a multitude of key components,
including the integral interactions between supporting and
circulating cells, secreted growth factors, extracellular
matrix composition, environmental signals (e.g. hypoxia),
physical parameters (e.g. shear stress), and tissue stiff-
ness.> Several tissue-engineering-based approaches have
been developed to mimic the composition,®’ growth
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Figure I.

Schematic representation of the mechanism activated by the CS (right side) to reduce the inflammatory response

stimulated by LPS (left side). LPS binds its receptor on the macrophage’s surface determining the phosphorylation of NF-kB factor.
NF-kB translocates into the nucleus activating the transcription of pro-inflammatory genes (i.e. IL-6, TNF-c, iNOS, IL-1 ). The
presence of CS blocks the active site on the hyaluronic acid receptor impeding the LPS-CD44 bond, with the consequent inhibition

of the LPS/CD44/NF-kB cascade.

growing number of works have exploited the role of the
inflammatory response in tissue restoration'? as a deep
understanding of the inflammatory phases and a careful
analysis of the key cellular players are required. Following
biomaterial implantation, macrophages play a key role in
the outcome of the healing and tissue regeneration pro-
cesses.!! This peculiar and very plastic cell type could
enable a favorable healing response by encouraging func-
tional tissue formation (M2 phenotype) or represent active
antagonists to the regeneration process (M1 phenotype).
This dual role is not absolute and, therefore, can be
exploited, or actively targeted, to achieve complete func-
tional tissue restoration.!?

Recently, scientists are focusing their efforts in the
development of smart strategies able to promote mac-
rophage polarization to a pro-tissue healing phenotype
with the aim of mitigating the adverse effects of biomate-
rial-induced inflammation.'3.14

With this in mind, we recently developed a collagen
scaffold functionalized with chondroitin sulfate (CS). CS

is a natural glycosaminoglycan that can be found in the
extracellular matrix surrounding cells, especially in carti-
lage, skin, blood vessels, ligaments, and tendons, where it
forms an essential component of proteoglycans.!* Besides
its structural function within the extracellular matrix, CS is
well known for its immunomodulatory potential.!¢
Specifically, it has been used as an anti-inflammatory mol-
ecule for the treatment of chronic diseases.!” For example,
CS has been reported to interfere with the activation of the
hyaluronan receptor CD44 on chondrocytes and the mac-
rophages in synovial fluid following articulation
trauma.!®1% CD44 is a transmembrane adhesion molecule
responsible for enhancing the expression of pro-inflamma-
tory markers by triggering the nuclear translocation of
NF-kB.20 In particular, CS pleiotropic effect seems to be
due to its potential to inhibit the NF-kB nuclear transloca-
tion by competing with lipopolysaccharides (LPS) for the
CD44 binding site, blocking the molecular cascade known
to lead to the activation of the inflammatory status.!® Figure
1 shows a schematic representation of the mechanism of
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action CS plays in diminishing the nuclear translocation of
NF-kB, normally triggered by LPS.

We hypothesized that the CS could exert the same anti-
inflammatory potential even when immobilized onto a
collagen-based scaffold. To test this hypothesis, we first
evaluated its effect on primary bone-marrow-derived mac-
rophages (BMDM) in an in vitro system. Specifically, we
focused on two main phenomena occurring after the
implant: the reaction to the material, which could lead to
foreign-body reaction, and the capability of the material to
contrast the inflammation induced by the surgery.

In the first case, we exposed BMDM to the material for
24h and monitored changes in morphology and gene
expression to understand whether or not CS was sufficient
to modulate macrophages phenotype. In the second case,
after defining the optimal conditions to inflame mac-
rophages in vitro by testing different concentrations of LPS
(10, 50, and 100ng/mL) at different time points (48 and
72h), we assessed the inflammatory response triggered
when cells were cultured in the presence (CSCL) or absence
collagen (CL) of CS. To understand whether the reduction
of inflammation was determined through the disruption of
the LPS/CD44/NF-kB pathway, we evaluated the NF-kB
translocation into the nucleus in the experimental groups.
Finally, we implanted subcutaneously in rats’ CSCL and
CL scaffolds to understand whether the presence of CS
onto the scaffold could help tuning the inflammation also in
an in vivo setting. We selected the 72-h time points the
most indicative of macrophages retention?! as well as of the
completion of the inflammatory phase.

Materials and methods

Scaffold preparation

CL scaffolds were fabricated with the freeze-dry technique
previously reported.?? Briefly, we prepared an acetic col-
lagen type I (Nitta) slurry (10 mg/mL), which was precipi-
tated to pH 5.5 with NaOH (1.67mM). The material
underwent wet crosslinking in an aqueous solution of
1,4-butanediol diglycidyl ether (BDDGE) (2.5mM), at
4°C for 24 h. Finally, the slurry was washed with milli Q
water scaffolds and prepared through a freeze-drying pro-
cess. Chondroitin sulfate (Carbosynth) was added at the
collagen solution at a weight molar ratio of 10:1 (CL:CS).
After thorough mixing, the material was crosslinked and
the final slurry was poured onto a 24-well plate and freeze
dried. Scaffolds were air dried and sterilized by ultraviolet
(UV) irradiation for 30 min inside a laminar flow hood and
equilibrated in culture medium at 37°C for 5h before use.

Scaffold characterization

Scanning electron microscope. Scaffolds were dehydrated
by treatment with graded ethanol solutions (30%, 50%,

75%, 85%, and 95% each for 2h) and then placed over-
night in a dryer at room temperature (RT) before being
coated with 7nm of Pt/P1 for scanning electron microscope
(SEM; FEI Nova NanoSEM 230) examination. The pore
diameter of scaffolds was measured from SEM images,
and five images were used for each scaffold. For each
image, 20 different pores were randomly selected and their
diameters measured using ImageJ software.

CL and CSCL were placed in OCT, frozen in liquid
nitrogen, and cryosectioned at 7 pm. Ten sections for each
material were placed on glass slides and allowed to dry at
RT. Wheat germ agglutinin—fluorescein isothiocyanate
(WGA-FITC) (Sigma—Aldrich) were applied to the sec-
tions at concentrations of 10 pg/mL in phosphate-buffered
saline (PBS) containing 0.1% bovine serum albumin
(BSA) for 1h at RT.?3 All slides were washed four times
with the PBS solution, gently blotted, mounted in cyto-
solix, and viewed by Nikon Histological Microscope using
the appropriate filter sets. The quantification was carried
on by Nikon Element Software.

BMDM isolation

BMDM were isolated as previously reported?* for mouse
and slightly adjusted for rat. After sacrificing Lewis rats,
femurs were cleaned of surrounding tissues and cut at both
ends. The cavity was flushed with complete media, using a
5-mL syringe and a 25-gauge needle. Bone marrow cells
were mechanically separated into single-cell suspensions,
filtered, and plated in media supplemented with mac-
rophage colony-stimulating factor (10 ng/mL).

Once obtained, 3 x 10° rat macrophages were seeded
onto CL and CSCL scaffolds—with a diameter of 0.8 cm
and thickness 0.2 mm—in a concentrated drop of 50 uLL on
top of the dry scaffolds and allowed to adhere for 20 min,
before media (up to 2mL) was added. Cultures were
established in high glucose—Dulbecco’s Modified Eagle
Medium (HG-DMEM) supplemented with 10% fetal
bovine serum (FBS, v/v), and 1% penicillin (100 Ul/mL)-
streptomycin (100 mg/mL) and 0.25 mg/mL amphotericin
B (v/v) at 37°C in a humidified atmosphere (90%) with
5% CO,.

Cell morphology and distribution

After 24 h, cells grown onto CL and CSCL scaffolds were
imaged by confocal microscopy or fixed and visualized by
SEM. Samples (n=3 per group) were prepared by fixing
cells in 4% paraformaldehyde, stained with a fluorescent
Live-Dead Viability Assay (Molecular Probes, Eugene),
and imaged by confocal microscopy (NIS-Elements soft-
ware, Nikon), visualized in red for a better contrast with
the blue background of the scaffold. Scanning electron
microscopy (SEM) samples (n=3 per group) were first
washed twice with 0.1 M sodium cacodylate buffer for
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10 min. All samples were fixed with glutaraldehyde 2.5%
w/v and paraformaldehyde 1% w/v in PBS (pH 7.4)
(Electron Microscopy Sciences) overnight at 4°C.
Dehydration was achieved using a graded series of ethanol
(25%, 50%, 70%, 90%, and 100% for 10min each).
Specimens were mounted on metal stubs and stored in a
vacuum desiccator for 48 h. In order to perform SEM anal-
ysis (FEI Quanta 400 ESEM FEQG), samples were sputter-
coated with 7nm of Pt/Pd with Plasma Sciences CrC-150
Sputtering System (Torr International, Inc) and imaged
with 10kV. Quantification of cell elongation was calcu-
lated by the analysis of SEM images performed with
Imagel software, and it has been defined as the length of
the longest axis divided by the length of the short axis.

Inducing macrophages inflammation in an in
vitro system

To define the optimal condition to induce inflammation in
rat BMDM through the activation of the CD44 pathway,
cells were cultured for 48 and 72h? in the presence of
LPS, at the nominal concentrations of 10, 50, and 100 ng/
mL. Macrophages inflamed and not inflamed with LPS
were grown in two-dimensional (2D) standard conditions
and used as positive and negative controls, respectively. At
the end of the exposure, cells were analyzed at a molecular
level for their expression of CD44 and pro-inflammatory
markers, as reported below.

Effect of CSCL in primary macrophages in vitro

BMDM were cultured for 24h to assess their immediate
response to the material, indicating the foreign-body reac-
tion, or treated with bacterial LPS (100 ng/mL; Sigma) for
72 h26 to evaluate the anti-inflammatory potential of CSCL
compared to CL. Untreated macrophages grown onto scaf-
folds for the same length of time were used as a control.
Macrophages inflamed, or not, with LPS and grown in 2D
standard conditions were used as positive and negative
controls, respectively. The 100-ng/mL LPS was chosen
over three concentrations, nominally, 10, 50, and 100ng/
mL, tested for their efficacy in inducing inflammation on
rat BMDM (5000cells/cm?) grown in a monolayer. At
72h, media from each experimental group (n=3) was
recovered and kept at —20°C for further analyses. Cells
were lysed and anti- and pro-inflammatory gene expres-
sion analysis was performed in triplicate from independent
cultures (n=3). In parallel, independent experimental
groups were set to determine NF-kB activity on LPS-
treated cells grown onto CSCL or CL.

Gene expression analysis

At each time point, macrophages grown onto scaffolds
were lysed using Trizol reagent (Invitrogen). DNAse

(Sigma) treatment followed the reaction. RNA concentra-
tion and purity were measured using a NanoDrop ND1000
spectrophotometer (NanoDrop Technologies). The com-
plementary DNA (cDNA) was synthesized from 1 pg total
RNA, using the iScript retrotranscription kit (Bio-Rad
Laboratories). Transcribed products were analyzed using
commercially available mastermix, following appropriate
target probes on an ABI 7500 Fast Sequence Detection
System (Applied Biosystems, Foster City, CA) to evaluate
the expression of

e Hyaluronan receptor (CD44: Rn00681157 m1) and
toll-like receptor-4 (T7LR-4: Rn00569848 m1l);

e Pro-inflammatory genes: tumor necrosis factor-
alpha (TNF-o: Rn01525859 gl), inducible nitric
oxide synthase (iNOS: Rn00561646), interleukin
12-alpha (/L-120: Rn00575112 ml), interleukin
I-beta (/L-1p3: Rn00580432 ml), metalloprotease
type-1 (MMP-1: Rn01486634 ml), and interleukin
6 (IL-6: Rn01410330 _m1).

e Anti-inflammatory genes: arginase (4rg: Rn01469630
m1), mannose receptor 1 (MRC1: Rn01487342 ml),
interleukin 10 (/L-10: Rn01483988 gl), and
transforming  growth  factor-beta  (7GF-f:
Rn01536049 g1).

All quantitative polymerase chain reaction (qPCR)
assays used were TagMan Gene Expression Assays (Life
Technologies, Grand Island, NY, USA). Gene expression
was normalized to the level of glyceraldehyde 3-phosphate
dehydrogenase (Gapdh: Rn01775763 gl). For anti- and
pro-inflammatory genes, values were normalized to those
obtained from their respective control groups (unstimu-
lated cells). Gene expression performed on ex vivo samples
was evaluated compared to subcutaneous tissues with no
inflammation (baseline).

NF-kB activity assay

Nuclear fractions were isolated and subsequently analyzed
for NF-kB activity as per the manufacturer’s instructions
using the NF-kB p50/p65 Transcription Factor Assay Kit
(ABCAM, abl133128). Experimental groups included
BMDM grown onto collagen-based scaffolds in presence
and absence of CS in standard conditions or in case of
inflammation (LPS 100 ng/mL).

Nitric oxide measurement

The presence of nitric oxide (NO; uM) in the culture
supernatants was measured using a Nitric Oxide (total)
detection kit (Enzo Life Sciences) following the manufac-
turer’s instructions. The levels of NO released from LPS-
inflamed BMDM seeded onto CL and CSCL were
compared to those produced by not inflamed cells grown



Taraballi et al.

onto CL or CSCL, respectively. The levels of nitric oxide
released by inflamed and not inflamed BMDM cultured in
2D were measured for comparison.

In vivo studies

Adult Lewis rats (n=3; Charles River Laboratories,
Houston, TX, USA) were used for in vivo validation
studies. All animals were maintained and used in con-
formity with the guidelines established by the American
Association for Laboratory Animal Science and all pro-
cedures approved by the Houston Methodist Institutional
Animal Care and Use Committee (IACUC). Rats received
appropriate preoperative analgesia with weight-based
subcutaneously injected buprenorphine and carprofen.
Induction and maintenance anesthesia was provided
using inhaled isoflurane gas and the dorsum of each ani-
mal was shaved from shoulder to hock. Under sterile con-
ditions, three skin incisions were made on both sides of
the dorsal midline of each animal and the pre-muscular,
avascular subcutaneous plane was developed using blunt
dissection. Into each subcutaneous pocket, we placed a
1-cm-diameter, 0.3-cm-thick scaffold (left side: CL, right
side: CSCL) and all incisions were closed with wound
clips. Post-operatively, rats were housed in individual
cages, given food and water ad libitum and kept on a 12-h
light—dark schedule in a typical fashion. Seventy-twoh
after implantation, animals were humanely euthanized
and scaffold specimens were harvested and kept for fur-
ther analyses.

Histological and immunohistochemical analysis

Following euthanasia, the implant sites with surrounding
tissue were removed and immersed in 10% buffered for-
malin phosphate solution for 48 h. 10-pum-thick sections
were deparaffinized twice in fresh xylene for 8—10min
and rehydrated sequentially with decreasing ethanol con-
centrations (100%, 95%, 90%, 80%, 70%) and distilled
water (8—10min for each step) and then stained by
Masson’s Trichrome Staining (Abcam) and finally ana-
lyzed by Nikon Histological Microscope. For the immu-
nohistochemical analysis, slides were pretreated using a
standard cycle of pressure cooker to unmask epitopes in
antigen retrieval solution (0.1 M sodium citrate, pH
7.2). The slides were blocked for 1hr at RT with 10%
normal goat serum (NGS) and 0.03% Triton and then
incubated at 4°C overnight with anti-macrophage anti-
body (ab7429 abcam). Slides were then washed three
times in PBS and finally mounted with ProLong® Gold
Antifade Reagent (with 4',6-diamidino-2-phenylindole
(DAPI)) (Invitrogen). Slides were stored at 4°C in the
dark until imaging was performed by a Nikon Histological
Microscope and the fluorescence quantification by Nikon
Element software.

Statistical analysis

Statistical analysis was performed using GraphPad Instat
3.00 for Windows (GraphPad Software, La Jolla, CA,
USA). Three replicates for each experiment were per-
formed and the results are reported as mean=+standard
deviation. p=<0.05 was considered as significant. A one-
way analysis of variance (ANOVA) for multiple compari-
sons by Student—Newman—Keuls multiple comparison test
was used.

Results

Material characterization

Ultrastructural analysis of the fabricated scaffolds was
investigated by SEM. Figure 2(a) and (b) represents the
CSCL structure that showed numerous interconnected
pores, with smooth separation walls and irregular, but
ovoid, shape and dimensions of approximately
80 um x 60 pum. At higher magnification (Figure 2 (c) and
(d)), these structures were resolved as randomly oriented,
nano-sized collagen fibers that maintained the organized
collagen ultrastructure. In order to assess whether the
exposed CS could also exploit their biological signaling
function upon recognition of their complementary recep-
tor, conjugation with WGA on the CSCL was performed
(Figure 2(e) and (f)). CSCL presence was evaluated by
fluorescence microscopy and showed that the CS is on
18%+0.78% of the exposed scaffold’s surface.

Effect of CSCL in primary macrophages in vitro

Confocal Microscopy of BMDM (Figure 3(a), red dots)
showed that the distribution of living BMDM inside the
scaffold appeared to be equally distributed along the scaf-
fold walls (visualized in red for a better contrast with the
blue background of the scaffold). The scaffold porosity
allows the homogenous distribution of the cell across the
scaffold thickness. Quantification of cell elongation was
used to understand changes in macrophages’ phenotype
and has been defined as the length of the longest axis
divided by the length of the short axis. Results showed a
significantly higher presence (>~25%) of elongated cells
on CSCL after 24h in comparison with CL. Figure 3(a)
displays how BMDM organize across CL and CSCL,
while Figure 3(b) demonstrates the effect of CS on cell
morphology. When cells were analyzed for the expression
of anti- and pro-inflammatory markers, an increase in the
expression of TGF-f3, Arg, MRCI, and IL-10 was noted in
the CSCL experimental group with a concomitant decrease
in the expression of TNF-a and iNOS. The expression of
IL-6 was found to be significantly (p<0.01) higher in
CSCL than CL. Figure 3(c) shows a heatmap comparing
the expression of these markers on CL, CSCL, and cells
cultured in 2D conditions. In this latter case, BMDM
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Figure 2. Scaffold characterization. (a, b) SEM micrographs showed highly porous structures with interconnected pores. (c, d) At
higher magnification, the SEM reveals that collagenous scaffolds maintain the collagen ultrastructure (white arrows). (e, f) Scaffold
slices were stained with WGA (wheat germ agglutinin). The 18% of fluorescence area indicates the exposure of chondroitin sulfate

onto scaffold surface (blue signal).

treated with pro-inflammatory (TNF-o and IFN-y) and
anti-inflammatory cytokines (IL-10 and IL-4) are reported
as positive controls.

In vitro optimization of the inflammatory
system

To define the most striking conditions to induce inflamma-
tion in BMDM and assess the capability of CS immobilized
into a collagen-based scaffold, cells were treated with dif-
ferent concentrations of LPS, nominally, 10, 50, and 100 ng/
mL. Data are shown in Figure 4. At 72h, the three concen-
trations were equally effective in inducing a significant
increase in CD44 expression compared to the control repre-
sented by BMDM grown in absence of LPS. The most effi-
cient working concentration was the 10ng/mL, showing an
almost 29.28 (+2.04)-fold increase compared to the control.
Data obtained following exposure to LPS, at the highest
concentrations, were assessed around 24.86 (+4.5) and
24.29 (£0.41)-fold for the 50 and 100ng/mL, respectively.
When looking at the pro-inflammatory marker expression,
although a significant increase was demonstrated following
all treatments, the 100-ng/mL concentration resulted in the
most prominent induction, with a 67.221 (£39.94)-, 4,307
(£6.56)-, 54.67 (+6.38)-, 31.98 (£6.5)-, and 486.86 (+
18.79)-fold increase for TNF-a, iNOS, IL-1p3, IL-12f3, and

MMP-1, respectively. No significant induction was found
at 48 h (data not shown).

Role of CS in reducing inflammation

To study our CSCL scaffold’s ability to reduce inflamma-
tion, BMDM were grown onto CL and CSCL and stimu-
lated for 72h with 100ng/mL LPS. Figure 5(a) shows a
schematic representation of the experimental design. A
significant reduction in the expression of CD44, TNF-a,
iNOS, IL-1B, IL-12P, and MMP-1 was found when
BMDM were grown onto CSCL and exposed to LPS,
compared to cells cultured in 2D conditions or onto CL.
Interestingly, CD44 expression was found to increase
9.90 (£0.31)-fold in CL but only 4.43 (£0.05)- fold in
CSCL. Following exposure to LPS, the presence of CS
on the scaffold is linked to a striking reduction in the
expression of pro-inflammatory genes (iNOS, TNF-a., IL-
1B, IL-12B, and MMP-1), showing values that, in most
cases, were comparable to those observed in the controls
(Figure 5(b)). We further evaluated nitrate concentrations
in the culture supernatant and found a significant differ-
ence between CSCL and CL in both conditions, espe-
cially after LPS exposure (Figure 5(c)) in which the
nitrate concentration is almost 10 times less in compari-
son with CL.
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CL CsCL CTRL

Figure 3. Reaction to the scaffold. (a) Confocal images showing macrophages spread onto CL and CSCL scaffolds. (b) SEM images
showing how the presence of CS affects cell morphology. (c) Heatmap of differentially expressed genes between CSCL and CL in
vitro. Pro- (TNF-a, IL-6, and iNOS) and anti- (Arg, IL-10, MRCI, and TGF-f3) inflammatory markers are shown. Expression levels of
genes are displayed as color codes. Red represents over-expression while green under-expression. Black represents expression
levels not significantly different to the control (CTRL), represented by BMDM grown in 2D conditions. Genes were clustered

according to their distance determined by Pearson’s correlation.

To validate these data, NF-kB nuclear translocation
analysis was performed in parallel with the same experi-
mental groups. NF-kB activity was demonstrated in
100ng/mL LPS-treated BMDM (positive control), as well
as in inflamed cells grown onto CL scaffolds. Data
obtained from cells cultured onto CSCL and inflamed
with LPS were comparable to the controls (untreated
cells) (Figure 5(d)).

In vivo data

In vivo cellular infiltration was observed on both scaffolds
(Figure 6). Macrophages were able to infiltrate through
the whole scaffolds’ thickness and were found in the
explants at 72 h (Figure 6(a) and (b)). However, at the sur-
gical implant interface (dotted yellow line), CL showed a
strong mononuclear cell response at 72h in comparison
with CSCL (Figure 6(a)—(d)). In both cases, no multinu-
cleated giant cells were detected and there was no evi-
dence of alteration to surrounding tissues. The
immunohistochemical analysis (Figure 6(e) and (f)) high-
lighted a higher infiltration of macrophages along all the

CSCL scaffold thickness in comparison with CL (Figure
6(g)). At a molecular level, gPCR analysis shows a down-
regulation in the expression of the surface receptor CD44,
with the consequent reduction of the pro-inflammatory
markers studied (TNF-a, iNOS, IL-12, IL-13, and MMP-
1) (Figure 6(h)).

Discussion

The inflammatory response to a biomaterial is one of the
key factors determining the remodeling outcome.?’
Typically, the inflammatory response to an implanted bio-
material is characterized by a well-described sequence of
events that could either result in tissue restoration or for-
eign-body giant-cell formation and fibrosis at the host—
implant interface.?® The most important cellular players in
these events are the mononuclear phagocyte cells that have
been described in two different states of polarization, pro-
inflammatory, and anti-inflammatory macrophages (called
M1 and M2, respectively).230 The pro-inflammatory, M1,
are associated with the classic signs of inflammation in the
cytokines/chemokines expression pattern, whereas the
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Figure 4. Expression of pro-inflammatory markers activated by LPS. Graphs represent the expression of the surface marker CD44
and the pro-inflammatory markers (TNF-a, iNOS, IL-12p, IL-13, and MMP-]) in BMDM following exposure to nominal concentrations
of LPS (10, 50, and 100 ng/mL) for 72 h. Expression levels have been determined by quantitative RT-PCR. Data were normalized

to the reference gene (Gapdh) and represented as fold-change compared with the expression observed untreated BMDM (CTRL).
Values are mean+SD (n=3). Asterisks depict highly significant (**p<0.01) differences.

anti-inflammatory, M2, phenotype promotes immunomod-
ulation toward tissue remodeling. Besides such dualism, it
has been reported that macrophages are highly plastic
cells, able to switch from the M1 to the M2 phenotype, and
vice-versa when appropriately stimulated.3! Very few bio-
materials focus on the M1 to M2 polarization in vitro, and
even fewer in vivo,3? due to the complexity of the system.
Surface topography, molecular organization, and composi-
tion of biomaterials have shown to clearly affect mac-
rophage polarization, directing downstream remodeling
events.333¢ However, understanding macrophage reaction
at the implant site still remains complicated. In fact, it is a
combination of two distinct events that occur at the same
time: the inflammation phase caused by the injury and the
reaction caused by the presence of the implant.

The current study is aimed at recapitulating the two
separate events in vitro to better understand the mecha-
nisms activated by the implant of a biomaterial because

distinguishing the two reactions is not feasible in an in
vivo setting. We studied the reaction of BMDM to a scaf-
fold functionalized with an immunotuning macromole-
cule, the CS, to control the inflammatory reaction through
the surface chemistry of the biomaterial.

To understand the bare scaffold reaction, BMDM have
been seeded onto CSCL. Data obtained from this study
suggest that the presence of CS is responsible for BMDM
elongation, which correlates to an increased expression of
M2-specific markers in CSCL compared to CL.3738 In fact,
elongated macrophages expressed higher levels of Arg-1,
IL-10, MRC1, and TGF-p. At the same time, pro-inflamma-
tory marker expression was significantly reduced. /L-6 was
the only gene found overexpressed, although its induction
can be explained by the presence of the isoform A of the
chondroitin crosslinked to the collagen.?® To further prove
the effectiveness of the system in supporting a regenera-
tion-permissive environment by preventing LPS-CD44
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Figure 6. In vivo analysis of scaffolds implanted in rat’s subcutaneous pouch after 72 h. Masson’s trichrome staining of ((a) CL,

(c) CSCL) the entire scaffold and ((b) CL, (d) CSCL) and their magnification. The CL scaffold shows an ongoing infiltration of
leukocytes along the entire scaffold thickness in comparison with CSCL. In the histological section, we indicated the muscular
subcoutaneous fascia (M) and the interface tissue surrounding the implanted scaffold (IT). Low magnification images: scale

bars =300 pm; insets =20 um. Immunofluorescence staining of macrophages (yellow) infiltrating the (e) CL and (f) CSCL scaffolds in
a subcutaneous implant model. (g) Data are quantified as mean fluorescence intensity and showed as comparison between CSCL
and CL. Scale bar =50 pm. (h) Graph representing the expression of the surface marker CD44 and Pro- (TNF-a, iNOS, IL-12p, IL-13,
and MMP-1) at 72 h from in vivo implant. Expression levels have been determined by quantitative RT-PCR. Data were normalized
to the reference gene (Gapdh) and represented as fold-change compared with the expression observed in a not inflamed tissue
(baseline). Asterisks depict highly significant (**p<0.01) and significant (*p <0.05) differences compared to CL.

binding, we identified in the 100-ng/mL the optimal LPS
concentration to induce a significant upregulation in pro-
inflammatory genes (7NF-a, iNOS, IL-12, IL-1[3, and
MMP-1). BMDM were then seeded onto scaffolds and
exposed to LPS for 72h. Our in vitro data confirmed that
CS interferes with the activation of the LPS/CD44/NF-kB
cascade leading to the reduction of the downstream pro-
inflammatory genes.?® Along with pro-inflammatory genes,
following inflammation macrophages usually release NO
as a way to kill pathogens.*%#! Furthermore, NO is known
to mediate the inflammatory response by inhibiting or
inducing inflammation via a variety of different path-
ways.*4 We proved that CS prevents NO release under
normal and inflamed conditions in comparison with CL,

showing its immunomodulatory potential. Inflamed mac-
rophages grown onto CSCL scaffold showed a downregu-
lation in the expression of CD44, with a concomitant
reduction in the Nf-kb activity, which ultimately led to
reduced levels of pro-inflammatory messenger RNA
(mRNA) compared to the positive control (LPS-induced
cells in 2D conditions) and to the inflamed CL. In vivo
studies supported our in vitro findings, showing an overall
decrease in the levels of mRNA associated with pro-inflam-
matory genes in CSCL scaffolds after 72h from implant.
Histological sections further supported these observations,
showing higher infiltration of macrophages after 72 h, sug-
gesting an earlier termination of the inflammatory process
around the CSCL implant.#5:46
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Although statistically significant differences have been
observed between CL and CSCL, it is worth noting that a
residual inflammation is still present also in presence of
CS. According to the literature, LPS-inflammatory activ-
ity relies also on the induction of an alternative molecular
pathway able to upregulate pro-inflammatory gene
expression. Such activation is also mediated by the capa-
bility of LPS to bind another receptor on macrophages
surface, the TLR-4.4748 In the process of understanding
the data obtained from our in vitro testing, we analyzed
the expression of the gene TLR-4 following macrophages
exposure to different concentrations of LPS, showing a
11.06 (£2.5)-fold increase at 100 ng/mL (Supplementary
Information 1).

Taken together, our results suggest the role of our
CSCL scaffold in moderating the inflammatory response
to an implant, both in vitro and in vivo. Its ability to inter-
fere with the activation of the CD44/NF-kB signaling#9-0
makes it suitable for clinical applications in the treatment
of discases caused by cartilage degeneration, including
osteoarthritis.20 Literature reports previous observations
regarding the role CD44 plays in preventing exaggerated
inflammatory responses to LPS by promoting the nega-
tive regulation of the TLR-4 signaling in macrophages in
the context of pulmonary inflammation.’! Additional
analyses focusing to elucidate the mechanisms by which
CS could improve the CD44-mediated modulation of
inflammation could lead to the development of new thera-
peutic approaches.

Conclusion

The understanding of macrophage polarization and its role
in wound healing is increasing its importance in developing
innovative, cutting-edge tissue-engineering approaches.
We have shown that a cell-free, CS-functionalized collagen
scaffold is able to tune macrophage polarization by exploit-
ing the same molecular pathway (LPS/CD44/NF-kB), both
in vitro and in vivo. The recent advances in the description
of the role of inflammatory cells will provide new insights
when designing novel immunoinformed biomaterials
aimed at functional tissue restoration.

Supplementary Information |

Expression of TLR-4 following treatment with different
concentrations of LPS. Graph represents the expression of
the surface marker TRL-4 in BMDM following exposure
to nominal concentrations of LPS (10, 50, and 100 ng/mL)
for 72 h. Expression levels have been determined by quan-
titative RT-PCR. Data were normalized to the reference
gene (Gapdh) and represented as fold-change compared
with the expression observed untreated BMDM (CTRL).
Values are mean+SD (n=3). Asterisks depict highly sig-
nificant (**p<0.01) differences.
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