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Abstract: Background/Objectives: Osteoarthritis (OA) is the most common joint disease in the adult
population. OA is the result of multiple mechanisms leading to inflammation and the degradation of
the cartilage. A complex series of etiological actors have been identified so far, including extracellular
vesicles (EVs). The EV content of the synovial fluid (SF) can release inflammatory mediators that
enhance OA progression. An intra-articular viscosupplementation of high-MW hyaluronic acid
(HyA) constitutes the first-line conservative treatment for OA. Although attractive for the potential
pharmacological implications, the possibility that HyA may interact with EVs in the context of OA has
not yet been specifically investigated; therefore, the present study aimed to fill this gap. Methods: We
studied the effect of a HyA preparation (a blend of crosslinked and linear polymers, CLHyA) on the
relevant inflammatory markers in chondrocytes (HC cells or primary chondrocytes isolated from
patients with advanced OA) exposed to the EVs collected from IL-1β-stimulated THP-1 human
monocytes (EVs+). Results: EVs+ caused specific inflammatory responses in chondrocytes that could
be prevented by coincubation with CLHyA. This anti-inflammatory activity is likely dependent on
the direct binding of CLHyA to CD44 receptors highly expressed in EVs+ and on the subsequent
hindrance to EVs+ diffusion and docking to target cells. Conclusions: On the whole, the tight
interactions identified herein between HMW HyA and EVs+ represent a novel, pharmacologically
exploitable mechanism potentially relevant in the context of OA treatment.

Keywords: osteoarthritis; hyaluronic acid; extracellular vesicles; inflammation; infiltrative
therapy; pathophysiology

1. Introduction

Osteoarthritis (OA) is a prevalent joint disease affecting millions of adults globally,
resulting in chronic inflammation and the degradation of the extracellular matrix [1], that
more often develops in the knee joint, termed gonarthrosis (GA) [2]. The causes of the
progressive joint degradation have been extensively studied; it is generally recognized that
the degradation products themselves facilitate the progressive degeneration of cartilage
through the receptor-mediated activation of chondrocytes and synoviocytes [3–6], giving
rise to chronic inflammation [1]. Synoviocytes and chondrocytes are specialized in the
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synthesis, organization, and turnover of the components of the joint, namely collagen type
II, aggrecans and hyaluronic acid (HyA).

HyA, the main component of the synovial fluid (SF), is a linear polysaccharide com-
posed of thousands disaccharide monomers per molecule with a MW of 6–7 KDa, that
lubricates and cushions the joint [7,8]. The molecular weight of HyA has a very high impact
on OA; indeed, during OA and according to its progression, a significant decrease in both
HyA concentration and mean MW can be observed [9,10].

Intra-articular HyA injections—termed viscosupplementation—to replenish the joint
with HyA in the physiological range of MW are actually recognized as a safe and first-
choice treatment for Kellgren II–III OA. The efficacy of HyA viscosupplementation is
primarily attributed to its mechanical and viscosupplementation properties [11,12], but
accumulating evidence suggests that the polymer is also capable of triggering protective
biochemical pathways.

Injective formulations contain not only the high-MW linear polymer, but also the
non-natural crosslinked form. The rationale of combining the crosslinked and the linear
polymers is that the first—thanks to its higher resistance to hyaluronidases [13]—ensures
a prolonged activity, while the second, substantially identical to the physiological HyA
in SF, promotes more rapid beneficial effects [14–18]. The formulation used in this study
(CLHyA) is representative of the many commercially available preparations and consists of
a blend of high-MW linear and crosslinked hyaluronans [13].

OA is a multifactorial disease; evidence over the last decade has added another tile to
this puzzling condition, showing that extracellular vesicles (EVs) such as exosomes and
membranous EVs also contribute to the development and progression of the malady [19,20].

EVs transfer biologically active materials such as lipids, proteins, mRNA, miRNA,
and DNA to target cells, modifying their condition [21,22]. Within joints, EVs can act in a
bimodal pattern, either promoting or inhibiting inflammation [23–25]. In the OA-associated
pro-inflammatory mode, EVs from IL-1β stimulated synovial fibroblasts significantly up-
regulate matrix metalloprotease-13 (MMP-13) and ADAMTS-5 expression in articular
chondrocytes, and down-regulate COL2A1 and aggrecan [26]; EVs accumulated within OA
synovial fluid can also increase the production of several cytokines in M1-macrophages,
resulting in a pro-inflammatory loop [27].

The aim of the present article is to investigate whether HyA (linear and/or crosslinked)
can interact with EVs and modulate the EV-related cellular inflammatory responses in
target chondrocytes. Indeed, the occurrence of interactions between HyA and EVs released
in a pro-inflammatory environment might represent an additional druggable target paving
the way to novel high-EV-affinity HyA formulations to ameliorate the management of low-
to moderate-grade OA.

2. Materials and Methods
2.1. Chemicals

Unless otherwise stated, reagent grade chemicals, culture media, fetal bovine serum,
and antibiotics were from Sigma Aldrich Europe (Darmstadt, Germany).

2.2. Isolation of Primary Chondrocytes

Primary chondrocytes (COA) were obtained from the knee cartilage samples of
15 patients with advanced OA (aged 50 and 79 years) subjected to total joint replacement.
The experimental design was approved by the Institutional Ethical Committee (Comité
Ético de Investigación en Humanos de la Comisión Ética en Investigación Experimental de
la Universitat de València H1512058528966). The entire procedure was performed as per
previously published protocol [28]. Small cartilage pieces were prepared from the femoral
condyles and tibial plateau and minced in serum-free DMEM/Ham F-12 containing antibi-
otics (1%) overnight. To isolate COA, this preparation was digested enzymatically with
1 mg/mL type IA collagenase (Sigma–Aldrich, St. Louis, MO, USA) for 2 h in agitation at
37 ◦C. The digested tissue was filtered with a 70 µm nylon membrane (BD Biosciences Italy,
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Milano, Italy), washed, and resuspended in complete DMEM/HAM F-12. COA viability
was assessed by the Trypan blue exclusion test.

2.3. Cell Culture

COA were cultured in DMEM/HAM F12 supplemented with antibiotics (100 units/mL
penicillin, 100 µg/mL streptomycin) and FBS (10%). Commercially available human chon-
drocytes derived from healthy human articular cartilage (HC) were purchased from Lonza
Biosciences (Visp, Switzerland), cultured in HC Growth medium (Lonza) and utilized for
experiments between passage 5 to 10. All experiments were performed with COA or HC
cultures at semi-confluence [28].

THP-1 cells (ATCC, Manassas, VA, USA) were routinely grown in RPMI 1640 supple-
mented with 10% heat-inactivated FBS and antibiotics (100 units/mL penicillin, 100 µg/mL
streptomycin) and 2 mM L-glutamine. Cells were maintained in a humidified incubator at
37 ◦C with 5% CO2.

2.4. Isolation of EVs

THP-1 cells were resuspended in complete culture medium into two different culture
flasks at a concentration of 1 × 106 cells/mL, treated without or with 2 ng/mL IL-1β for
12 h. The cells were then centrifuged at 300× g 5 min, washed with complete medium,
and resuspended at the same cellular concentration in serum free medium for a further
24 h. Cells were then centrifuged, the supernatant collected, and further centrifuged at
2000× g for 30 min at 4 ◦C; these supernatants were ultracentrifuged at 100,000× g at
4 ◦C for 90 min. After the removal of the supernatants, the pellets of EVs were stored
a −80 ◦C. Two sets of EVs were obtained, namely EVs from unstimulated THP-1 cells
(EVs−) and EVs from stimulated THP-1 (EVs+). For experiments, EVs− or EVs+ were
resuspended in 50 µL of serum-free DMEM/HAM-F12 medium obtaining a concentration
of 7.2 × 107 particles/mL. This concentration was selected because it aligns with the
concentration of EVs used by Guillén et al. in previous studies [29].

2.5. Treatment with CLHyA, EVs− or EVs+

COA or HC cells were seeded at a density of 1.5 × 105 cells/well in 12-well plates
and grown for 24 h before treatments, which were performed in a routine culture medium.
At the semi-confluence stage, the cells were cultured with 0 or 0.3 mg/mL CLHyA (a
mixture of 40% W/W 1 MDa, 40% 2 MDa BDDE-crosslinked HyA and 20% 500 KDa
linear HyA) in the absence or presence of EVs−/EVs+ (7.2 × 107 particles/mL) for 48 h or
7 days (in this latter case, at 72 h, the medium was replaced with fresh aliquots containing
the same combinations of CLHyA and EVs−/EVs+) and then immediately assayed for
the selected end-points. The experimental groups were control; 0.3 mg/mL CLHyA;
0.3 mg/mL CLHyA with EVs; and 0.3 mg/mL CLHyA with EVs+.

The degree of HyA crosslinking has been assessed through the measurement of
its extrusion force, as detailed in [30]; in particular, the extrusion force value of the
BDDE-crosslinked HyA was 18 ± 1.2 Newton, compared to a value of 4.5 ± 0.38 Newton
before crosslinking.

2.6. The Determination of Cell Viability with the MTT Assay

The mitochondrial-related conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetra-
zolium bromide (MTT) to reduced formazan was used to evaluate cell viability following
exposure to EVs−, EVs+ or CLHyA. After treatments, cells were incubated with MTT
(200 µg/mL) for 2 h; the medium was removed and cells were dissolved in DMSO (100 µL)
to determine formazan formation at 550 nm by means of a Victor3V microplate reader
(Perkin Elmer España, Madrid, Spain). Data were obtained from three to five separate
experiments, each performed in duplicate.
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2.7. Determination of IL-6 and MMP-13

The levels of IL-6 and MMP-13 were analyzed using ELISA kits. The sensitivities of
the kits were 2.0 pg/mL for IL-6 (DuoSet ELISA kit, human; RnDSystems, Minnneapolis,
MN, USA); 6.0 pg/mL for MMP-13 (Invitrogen, Waltham, MA, USA, Life Technologies,
Carlsbad, CA, USA); and 28.125 pg/mL for COL-II (Wuhan Fine Biotech Co., Ltd., Wuhan,
China). The assays were performed according to manufacturer’s recommendations.

2.8. Characterization of EVs− and EVs+ from THP-1 Cells

EVs were analyzed by tunable resistive pulse sensing with a qNano instrument
(IZON Sciences Ltd., Lyon, France) to determine their size distribution and concentra-
tion. Nanopore membranes (NP150) were utilized to measure the samples of EVs− and
EVs+. At least 500 events/sample were scored. Calibration was performed using the
reference bead CPC 200.

2.9. Quantification of Exosomal Markers in EVs and EVs+

The quantification of specific exosomal markers in EVs− and EVs+ samples was
performed by ELISA kits. The following surface and cytosolic markers were assayed: CD9
of and CD81 as high sensitivity (100–1600 pg/mL) surface markers (Cell Guidance Systems,
Cambridge, UK); TSG101 (Aviva Systems Biology, Corp., San Diego, CA, USA, sensitivity
range of 23.44–1500 pg/mL), and PDCD6IP (Fine Biotech Co., Wuhan, China, sensitivity of
46.875 pg/mL). Human calnexin was assayed as negative control marker CNX (ABClonal,
Düsseldorf, Germany), with a sensitivity of 0.17 ng/mL. Samples were analyzed using a a
Victor3V microplate reader (PerkinElmer España, Madrid, Spain).

2.10. Internalization of EVs−/EVs+ in COA and HC Cells

EVs+ and/or EVs− internalization in COA or HC cells was assessed with fluorescent
microscopy and its quantification in HC cells was assayed cytofluorimetrically. For experi-
ments, EVs were prelabelled with PKH26 (System Biosciences, Palo Alto, CA, USA), which
enables the tracking of their cellular uptake. COA or HC cells were then incubated with
labeled EVs and visualized under a LEICA DM IL LED microscope equipped with a LEICA
DFC425 C digital camera (Leica, Solms, Germany). The amount of EVs internalized by HC
cells in the absence or presence of CLHyA was quantified cytofluorimeterically. Samples
were acquired by a FACS Melody flow cytometer (Becton-Dickinson, Franklin Lakes, NJ,
USA) and data were analyzed using FlowJo 10.5 software.

2.11. HyA or CLHyA Binding to EVs

To determine whether hyaluronic acid binds to EVs+, biotinylated HyA or CLHyA
was used. The approach consisted of the following five-step experimental procedure (see
also Figure 1): (1) the biotinylation of CLHyA; (2) reaction between biotinylated CLHyA
and EVs+ (3) reaction between CLHyA from step 2 with streptavidin-coated magnetic
microbeads (4) the separation of magnetic microbeads (5) the identification of EVs+ in the
microbead-separated fraction.

Biotinylated 1 MDa linear HyA—included as a positive control—was obtained from
Merck (Sigma-Aldrich Europe); biotynilated CLHyA was obtained using a biotinylation kit
(Z-Link™ PFP-Biotin, Thermofisher, Monza, Italy) according to the manufacturer’s manual.

Biotinylated -HyA or -CLHyA were incubated for 24 h with increasing concentrations
of EVs− or EVs+ in serum-free culture medium. Streptavidin-linked magnetic microbeads
(MagnaBind™ Streptavidin Beads, Thermofisher, Waltham, MA, USA) were added to
the suspensions in order to allow the formation of biotin–streptavidin conjugates; the
suspensions were then exposed to a magnetic field and centrifuged to separate and collect
the magnetic microbeads; finally, the pellets were analyzed with Western blotting to assess
the presence of EVs+ linked to magnetic microbeads; anti-TSG101 monoclonal antibodies
(1:2000 dilution, clone 4A10 Abcam), an established marker of EVs, were used.
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Figure 1. Visual scheme of the experimental approach to study HyA/CLHyA-EV interactions.

2.12. Western Blotting Analysis

For electrophoresis, samples were loaded onto 12% SDS-PAGE gels. Subsequently, pro-
teins were blotted to a nitrocellulose membrane (GE Healthcare, Milan, Italy). The primary
antibodies used were versus TSG101 (1:2000 dilution, clone 4A10 Abcam, Cambridge, UK)
and CD44 (1:2000 dilution, clone HL1650 GeneTex). Primary antibodies were incubated
overnight at 4 ◦C followed by washing and the application of a secondary HRP-conjugated
antibody (Pierce, Thermofisher). Immune complexes were visualized using the Supersig-
nal Dura reagent (Pierce, Thermofisher) and the obtained auto-radiographic films were
quantified by ImageJ software V. 1.8.0 [31].

2.13. Statistical Analysis

Data are expressed as the means ± SEM. Data were analyzed by one-way ANOVA
followed by Tukey’s post-test using the GraphPad Prism 7.0 software (Graph Pad Software,
La Jolla, CA, USA).

3. Results
3.1. Effect of CLHyA on the Viability and Inflammatory State of COA and HC Chondrocytes

To determine the concentration range of CLHyA that does not exert any cytotoxic (MTT
assay) or pro-inflammatory (the determination of the levels of IL-6 taken as an inflammation-
like index) effect, COA or HC cells were exposed to a 0.05, 0.1, and 0.3 mg/mL of CLHyA:
CLHyA per se did not cause any cytotoxic (Figure 2A) or pro-inflammatory effect in both
cell lines (Figure 2B). Hence, the highest inactive concentration (0.3 mg/mL of CLHyA)
was selected for the next experiments.

3.2. Analysis of EVs from Unstimulated or Stimulated THP-1 Cell Line

EVs were isolated from unstimulated (EVs−) or IL1β-stimulated (EVs+) THP-1 human
monocytes. IL-1β was selected as a trigger to stimulate THP-1 since it is reportedly
implicated in OA progression and known to promote the secretion of pro-inflammatory
EVs in different cell types [32].

The qNANO analyses showed that the net amount of EVs secreted by control or IL-1β
-stimulated THP-1 cells was virtually identical (see Figure 3A); differently, size distribution
analysis showed that EVs− piled up around a single peak of 200 nm while EVs+ gave rise
to two distinct populations of 150 and 250 nm.

The phenotypic characterization showed that isolated EVs− and EVs+ were pos-
itive for CD9 (2.95 ± 0.31 and 2.35 ± 0.25 µg/mL, respectively) and CD81 (4.0 ± 0.39
and 5 ± 0.42 µg/mL), two specific transmembrane proteins of small EVs, as well as
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for PDCD6IP (0.103 ± 0.01 and 0.11 ± 0.012 pg/mL) and TSG101 (1.76 ± 0.19 and
2.36 ± 0.32 pg/mL), two specific cytosolic proteins of small EVs. Both EVs− and EVs+
were negative for CNX, a negative control, since it is peculiar of the membrane of the
endoplasmic reticulum.
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Figure 2. Cytotoxic and pro-inflammatory effect of CLHyA on COA or HC cells. COA (A,C) or HC
(B,D) chondrocytes were treated with 0.05 (open circles), 0.1 (triangles), or 0.3 (squares) mg/mL
CLHyA for 24, 48, or 72 h and then assayed for viability (A,B). Also shown is the effect of a 300 µM
H2O2 challenge, included as a positive control. IL-6 levels in COA (C) or HC cells (D) treated with
CLHyA for 48 h; values are the means ± S.E.M. of three independent experiments.
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Figure 3. Size–distribution analysis of EVs. (A) Red and blue columns refer to EVs− and EVs+,
respectively; particle concentrations are shown in the upper-left corner. (B,C) show EVs− and EVs+
extracellular vesicles (stained in red with PKH26) internalized within COA cells (nuclei stained with
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3.3. EVs− and EVs+ Cellular Internalization

The COA uptake study of EVs− and EVs+ (Figure 3B,C) showed that both were capa-
ble of crossing the cell membrane and being efficiently internalized within the cytoplasm,
i.e., a condition reflecting the capacity of EVs− and EVs+ to interact with these primary
cells; similarly, HC cells also internalized EVs− and EVs+ (see below).

3.4. The Effect of CLHyA on the Levels of IL-6 and MMP-13 in Chondrocytes Exposed to EVs− or EVs+

The level of IL-6—a hallmark of the activation of cellular inflammatory events—
released by COA cells in the culture medium were quantitated under the experimental
conditions detailed in Figure 4. Exposure (48 h) to EVs alone or with 0.3 mg/mL CLHyA
did not cause any increase in IL-6 levels. Exposure for the same incubation time to EVs+
caused a significant increase in IL-6 in COA cells and, interestingly, 0.3 mg/mL CLHyA
nullified this response (Figure 4A). After 7 days of incubation (Figure 4B), the stimulatory
effect of EVs+ was lower compared with the 48 h time period, although still significant
compared to both control and EVs+/CLHyA-treated COA cells. The remaining exposure
conditions illustrated in Figure 4A,B, namely Evs−, CLHyA and their combinations, were
characterized by a slight, not significant trend toward increased IL-6 levels.
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Figure 4. The evaluation of the levels of IL-6 and MMP-13. IL-6 (A,B) or MMP-13 (C,D) were
evaluated in control, EVs− and EVs+ with or without 0.3 mg/mL CLHyA after 48 h (A,C) or 7 days
(B,D) incubation. The levels of MMP-13 and of IL-6 were determined with an ELISA kit in the
supernatants. Values are the means ± S.E.M. of five separate determinations (** p <0.01; *** p < 0.001).

The effect of EVs− and EVs+ with/without CLHyA on the levels of MMP-13 in
COA cells is shown in Figure 4C,D. Interestingly, 48 h incubation with EVs+ resulted in a
more than twofold increase in MMP-13 compared to control, an effect which was nullified
when cells were co-incubated with CLHyA (Figure 4C). After 7 days (Figure 4D), a slight,
although not significant increase in MMP-13 levels vs. control could still be observed in
EVs+-treated cells; notably, CLHyA could prevent this effect. Qualitatively similar results



Pharmaceutics 2024, 16, 1386 8 of 13

for both IL-6 and MMP-13 levels were obtained in parallel experiments conducted on HC
cells (see Supplementary Materials).

3.5. Interactions Between EVs+ and HyA

To study the possible interactions between HyA and EVs+, a specific and articulated
approach has been designed (see the Section 2 and Figure 1). This experimental design
allows us (I) to assess the formation of chemical bonds/interactions between EVs+ and
CLHyA; (II) to separate the resulting EVs+/CLHyA complexes from unbound EVs; (III) to
demonstrate the presence of EVs hallmarks in the separated fraction.

The results of these experiments are shown in Figure 5 and indicate that a significant
amount of the peculiar EV marker TSG101 could be found in the microbead-separated
fraction; parallel determinations using pre-biotinylated commercially available HyA used
as a positive control gave similar results. It is worth noting that, in both cases, TSG101
increased as a function of the amount of added EVs, a finding suggestive of a mass-
dependent effect. A second set of experiments was carried out to see whether CLHyA could
affect the entry of EVs+ into target cells. To this end, we incubated HC chondrocytes in the
presence of EVs+ with or without CLHyA for 18 h, and then determined the extent of EVs+
accumulated within the cells. Figure 6A,B show two fluorescence micrographs representative of
the above conditions; a quantitative analysis of the red/blue fluorescence confirmed that EVs
accumulate within control cells, while in CLHyA-treated cells a significant reduction in EVs+
cellular internalization could be observed (Figure 6C). Quali-quantitatively similar results were
obtained with cytofluorimetric analysis (see Supplementary Figures S1 and S2).
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Figure 5. The determination of HyA-EV binding. A densitometric analysis of Western blots (four separate
experiments; a representative Western blot is shown in the top of the panel) of TSG101 associated with
microbeads bound to increasing amounts of EVs+ in the absence or presence of 0.3 mg/mL CLHyA or
HyA. Data are the means ± S.E.M. from three separate determinations. *** p< 0.001.

The results of the Western blotting of EVs+ and EVs− (Figure 6D) indicate that both
EV populations express CD44 receptors, with EVs+ showing a significantly higher level
compared to EVs−.
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Figure 6. The cellular internalization of EVs+ in HC cells. Panels (A,B) representative micrographs
of EVs+ internalization in HC cells in the absence (A) or presence (B) of 0.3 mg/mL CLHyA: red
extracellular vesicles (stained with PKH26) surround blue HC cells’ nuclei (stained with DAPI);
(C) the quantitative cytofluorimetric determination of EVs+ internalization in the absence or presence
of 0.3 mg/mL CLHyA; (D) the expression level of CD44 in EVs− and EVs+ as assayed with Western
blotting (the corresponding bands are shown in the inset). Bars—10 µm. ** p < 0.01.

4. Discussion

The rationale of infiltrating OA joints with high-MW hyaluronans is based on multiple
reasons, correlating with the pleiotropic nature of the polymer. The first one deals with the
restoration of the mechanical properties of SF. In the course of active OA, the synthesis of
HyA is reduced and, due to the concomitant increased activity of hyaluronidases, its mean
MW progressively falls down, ending up far lower than in the SF of healthy subjects [32].
Under these conditions, the SF loses its viscoelastic/lubricating capacity, profoundly im-
pacting on cartilage homeostasis and contributing to joint deterioration [11,12], an effect
that can be counteracted by injecting high-MW HyA. Restoring the level of high-MW
HyA has also been reported to limit the diffusion of pro-inflammatory cells (i.e., activated
macrophages) within the joint [33].

In addition to the above mechanical—i.e., viscosupplementing—relevance, HyA has
also been shown to exert other positive effects in OA at the biochemical level, such as A
reduction in the levels of pro-inflammatory cytokines, binding, and interactions with CD44
receptors and nociceptors [34]. Considering the pleiotropic activity of HyA, we sought to
investigate whether CLHyA might interfere/interact with EV signaling activity.

EVs released within SF play a bifaceted role, promoting trophic effects in healthy joints
which turn detrimental over the course of active OA, where proteins and miRNAs delivered
by EVs affect cell differentiation, cell survival, and joint inflammatory state [19,20]. The two
populations of EVs utilized herein may be representative of these opposing natures, since
they have been collected from IL-1β stimulated (EVs+) or mock-stimulated (EVs−) THP-1
promonocytoid cells. THP-1 are reportedly known to release EVs with distinct biological
features depending on their state, namely inactive or pro-inflammatory [35].

Here, we obtained high amounts of EVs− and EVs+ from THP-1 cells, both possessing
the biochemical hallmarks of genuine EVs but, importantly, different in their size distribu-
tion. Although the size distribution cannot be taken as a definitive indicator of biochemical
and functional differences [35], it is plausible that the differences in size between EVs re-
leased by LPS-stimulated vs. unstimulated THP-1 cells mirrored their distinct biochemical
and functional features. Similarly, we also found that continuous 48 h exposure (or 7 days
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in selected experiments) to the distinct EV types caused differential responses with regard
to the levels of two etiologically relevant effectors, namely IL-6 and MMP-3.

IL-6 is reportedly known to play a prominent role in OA pathology as well as OA
pain [36,37], making IL-6 signaling an interesting target for OA treatment [38]; IL-6 levels in
SF are elevated in OA patients and are 30- to 1000-fold higher in SF than in serum, indicative
of the robust production and secretion by cells such as chondrocytes in the joint [39].

The matrix-degradative enzymes’ matrix metalloproteinases (MMPs) -1, -3 and -13,
along with disintegrin and metalloproteinase with thrombospondin-1 domains (ADAMTS)
-4 and -5, are involved at the etiologic level in the OA-associated destruction of the matrix
proteins type II collagen, glycosaminoglycans, and proteoglycans [40–42]. Experiments
with MMP-13-knockout mice have highlighted the importance of MMP-13 in OA patho-
genesis; indeed, during OA progression, chondrocytes and synoviocytes release high levels
of this cartilage-degrading enzyme [28,43]. Currently, MMP-13 is considered an attractive
druggable target for clinically valuable pharmacological inhibitors [44].

Interestingly, both IL-6 and MMP-13 in COA and HC cells were significantly aug-
mented upon EVs+ stimulation, while being unaffected by EVs−. The pro-inflammatory
effect tended to decrease over time but could still be detected after 7 days of EVs+ exposure.

Hence, in accordance with previous results from our group [28], EVs+ promote the
accumulation of two biochemical effectors etiologically relevant to the progression of OA.

The second part of our experimental path was focused on ascertaining whether and
how CLHyA (a formulation representative of the high-MW crosslinked-plus-linear HyA
injective medical devices) could affect the responses evoked by EVs− or EVs+ on COA and
HC cells.

Importantly, we found that CLHyA prevented the robust increase in IL-6 and MMP-13
levels triggered by EVs+.

Such an effect is conceivably related to the tight binding of CLHyA to EVs+, as
demonstrated by the results of the microbead experiments. Indeed, this binding could
result in the formation of CLHyA-EV supramolecular complexes unable to dock plasma
membranes or enter target cells, and give rise to extracellular vesicles’ biological signaling
(see also below).

CD44 is an important adhesion molecule involved in cell–cell and cell–matrix in-
teraction and in a large variety of cellular functions [45,46]; CD44 serves also as a cell
surface receptor for HyA through a binding mechanism that involves the N-terminus of
CD44 docking site lined by a mixture of primarily basic and hydrophobic amino acids [47].
In macrophages, CD44-HyA binding contributes to the adhesion to extracellular matrix,
phagocytosis, migration and infiltration within inflammatory sites, and the secretion of cy-
tokines [48]. CD44-positive monocytes increase their HyA-binding capacity upon activation
by inflammatory stimuli. Interestingly, THP-1 monocytes have been shown to increase both
CD44 membrane density and HyA binding capacity when subjected to pro-inflammatory
stimuli such as phorbol–myristate–acetate or LPS [49].

Here, we found that CD44 is highly expressed in EVs+, probably as a remnant of
the THP-1 plasma membrane. CD44 receptors on EVs may be responsible through the
above mechanism for binding to CLHyA and for the ensuing preventive effects on the
pro-inflammatory state of target chondrocytes. Once bound to extracellular vesicles, HyA
or CLHyA could affect EVs+ activity in a bimodal pattern as follows: first, the polymers
might coat EVs+ surface coating CD44 receptor via the above binding mechanism [47], thus
hampering their docking and entry into COA or HCA chondrocytes, a condition impeding
the release of EVs+ cargo to target cells; second, restoring the normal SF viscosity high-MW
HyA and CLHyA might entrap EVs+, thus reducing their diffusion rate and frequency of
interactions with target cells.

Applying this notion to real-life healthy vs. pathological conditions, it can be hypoth-
esized that in OA, the low viscosity of SF containing low-MW HyA allows for free EVs+
diffusion, cell targeting, and the delivery of the pro-inflammatory cargo; on the contrary,
in high-MW hyaluronan-viscosupplemented joints, the restored viscosity would limit the
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EVs+ capacity to reach target cells and, finally, prevent the dissemination of inflammatory
cascades. Interestingly, the viscosity of the surrounding medium has been shown to affect
the movements of EVs within biological fluids, such as plasma [50].

5. Conclusions

To the best of our knowledge, this is the first report indicating that high-MW hyaluronans—
either in the linear or crosslinked form—affect the cellular responses to the signals delivered
by EVs+; this interaction might represent a new, additional mechanism responsible for
the therapeutic activity of infiltrative hyaluronans in OA as well as a novel player in
OA pathophysiology. Consequently, it can be inferred that this mechanism might operate
in vivo through the reduction in EVs docking to—and uptake by—target cells, thus affecting
their conditions, and that the EVs within OA SF might represent a druggable target.
Future studies should be aimed at the identification of the fundamental structure–activity
relationships (i.e., optimal MW, optimal type of polymer, e.g., linear vs. crosslinked or the
optimal proportions of their blend) responsible for EVs-HyA interplay. The identification
of such relationships could improve the control of pro-inflammatory EVs within OA joints.

In conclusion, further studies aimed at the characterization and comprehension of
hyaluronic-acid–EVs+ reciprocal interactions under disease conditions may open the way
to the rational development of more active preparations for the infiltrative treatment of OA.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics16111386/s1, Figure S1: Evaluation of the levels of IL 6 and
MMP 13 in the HC cells IL 6 or MMP 13 were evaluated in control, EVs, and EVs with or without
0.3 mg/mL CLHyA after 48 h incubation. The amount of IL 6 and of MMP 13 was measured in
the supernatants with an ELISA kit. Values represent the means S E M from three to five separate
determinations (*** 0.001). Figure S2: Fluorescence-activated cell-sorting plots of EV internalization in
HC cells with (or without (0.3 mg/mL CLHyA). The scatter blot with sequential gates (PE A PE–*PE A)
for cell pools (A green, B red and control blue, HC cells) of one representative FACS experiment. The
table summarizes the number of counted events and the total count of this representative experiment;
Figure S3: Fluorescence micrograph of HC cells only incubated with DAPI (blue) and PKH26 (red);
Figure S4: Uncropped ex Figure 5.
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