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ABSTRACT

Background: Cell-free regenerative strategies, such as notochordal cell (NC)-derived extracellular vesicles (EVs), are an at-
tractive alternative in developing new therapies for intervertebral disc (IVD) degeneration. NC-EVs have been reported to elicit
matrix anabolic effects on nucleus pulposus cells from degenerated IVDs cultured under basal conditions. However, the degener-
ative process is exacerbated by pro-inflammatory cytokines contributing to the vicious degenerative cycle. Therefore, this study
explores whether NC-EVs modulate interleukin (IL)-13-mediated pro-inflammatory responses in the degenerating disc.
Methods: This study utilized two IL-1f induced pro-catabolic culture models; a dog 3D nucleus pulposus (NP) cell pellet culture
and a human patient-derived, ex vivo NP tissue culture system. Porcine NC-EVs were generated from NC-conditioned medium
by differential centrifugation followed by size exclusion chromatography. Donor matched EV-depleted media were generated by
overnight ultracentrifugation, whereafter the EV-depleted NCCM supernatant was subjected to size exclusion chromatography.
To investigate whether observed effects were EV-associated, NC-EVs conditions were compared to EV-depleted controls in the
absence and presence of IL-1f3.

Results: The size and concentration of NC-EVs were quantified by nanoparticle tracking analysis, which showed minimal
donor variation and confirmed depletion of EVs in the EV-depleted media. In the IL-13-induced catabolic cascade, the NC-EVs
did not elicit anabolic effects at the matrix level nor did they rescue the pro-catabolic phenotype within dog pellets. Modification
of the CCL2 secretion seemed to be context dependent in the human explants: where EVs treatment stimulated CCL2 secretion
but in the presence of IL-1f this effect was counteracted. Secretion of IL-6 and C-X-C motif chemokine ligand 1 was signifi-
cantly decreased in NC-EV +1IL-18 vs. control+IL-1f but not compared to EV-depleted human explant controls. Altogether, this
data provides evidence for a protective modulatory role of NC-EVs. Considering the homeostatic function EVs exert, inherently
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encompassing subtle biologic modifications, the current study may have lacked sufficient power to demonstrate statistical signif-

icance in a sample set with evident donor variation.

Conclusions: NC-EVs may modulate the production of specific cytokines and chemokines in human degenerate explants when

the key pro-inflammatory cytokine IL-1f is present. Implementation of the technical EV-depleted controls in further studies is
essential to robustly demonstrate that these effects are EV-mediated and not associated with other secreted factors co-isolated

during EV-isolation.

1 | Introduction

An emerging alternative to cell-based regenerative strategies
for various diseases are extracellular vesicles (EVs) [1]. EVs are
small lipid bilayer-enclosed particles released by cells under
physiological and pathological conditions [2, 3]. EVs carry
biomolecules, including proteins, lipids, and nucleic acids [3]
that can, upon delivery elicit a response in the target cell, such
as proliferation and differentiation [1]. Therefore, EVs are
generally considered to be critical mediators in intercellular
communication [3]. EVs are of special interest in regenerative
medicine since they have unique advantages over cell ther-
apies. For example, EVs derived from regenerative stem cell
populations harness a similar biological activity as the parent
cell but are considered to have no tumorigenic potential [1, 4].
In addition, EVs are considered to have minimal immunogenic
potential [5]. These unique advantages make EVs an attractive
alternative to cell therapies.

A group of diseases that could greatly benefit from regenera-
tive therapies are degenerative musculoskeletal diseases that
currently lack appropriate therapeutic options [6]. Among
these diseases, low back pain due to intervertebral disc (IVD)
degeneration is considered a prevalent cause of chronic pain,
leading to a substantial physical and socioeconomic impact
[7]. While the pathophysiology of IVD degeneration is not
fully understood, several changes occur as the NP ages and
degenerates [8, 9]. Preceding IVD degeneration disc matura-
tion occurs, during which large vacuolated notochordal cells
(NCs) are replaced with smaller and non-vacuolated nucleus
pulposus cells (NPCs) [8]. Upon degeneration, the overall
balance of anabolic and catabolic processes in the NP matrix
shifts due to the decreased production of matrix molecules
and the increased production of matrix degrading enzymes by
the NPCs [10]. Associated with these changes is the increased
production of pro-inflammatory mediators by the native disc
cells [11]. This rise in inflammatory cytokine production fur-
ther exacerbates matrix catabolism and reduces NPC survival
and function, resulting in a vicious degenerative cycle [12].
Ultimately, these cumulative changes result in a decreased
structural integrity of the IVD and failure of the disc to with-
stand physiological loading, which further contributes to the
vicious cycle of IVD disease [9].

Regenerative strategies aim to halt and reverse IVD disease by
targeting the underlying degenerative process. These therapies
ultimately attempt to restore the disc's composition and thus its
biomechanical function [13, 14]. Although the most prominent
regenerative strategies for IVD degeneration encompass the use
of cell-based therapies upon intra-discal application [15], these
therapies suffer from limited clinical applicability due to safety

concerns [13, 14]. Furthermore, it remains questionable whether
cells survive in the harsh environment of the degenerating IVD
[15], which could explain the temporary beneficial effects ob-
served in the clinic [16]. Therefore, developing regenerative
therapies with EVs could hold great promise for treating LBP
resulting from IVD degeneration [17].

In local therapeutic strategies for IVD degeneration several
cell types have been used as the source of the regenerative
EVs. For musculoskeletal disease, including NP degenera-
tion, EVs derived from mesenchymal stromal cells (MSCs),
have been widely researched and reviewed [18]. MSC-EVs
have been shown to decrease apoptosis in NPCs [19-21], in-
duce matrix production [21, 22], and decrease certain pro-
inflammatory responses [19, 22]. However, in these studies the
effects of MSC-EVs have been investigated in monolayer cell
models only [19, 20] or in 3D models without a pro-catabolic
stimulus [21, 22]. Some studies have investigated the effects of
MSC-EVs in vivo, but were limited to the use of small animal
models, such as rat and rabbits [19, 20]. These models do not
represent human IVD degeneration in many aspects, includ-
ing differences in cellular phenotype such as retention of NCs,
repair capacity of the resident cells, size and nutrition and fail
to recapitulate the catabolic environment of the degenerate
human IVD [23].

As an alternative cell source for the development of a poten-
tially more effective treatment for IVD disease, EVs derived
from NCs from the juvenile NP can be considered as a valu-
able alternative [14]. Since these decrease in NC numbers
characterizes NP maturation and precedes the onset of IVD
degeneration, NCs are suggested to have an important role in
the maintenance of IVD health [24, 25]. Furthermore, NCs
are known to have regenerative potential, which has recently
been reviewed extensively [14, 26], and in vitro incubation of
NPCs with NC-EVs induced matrix production, suggesting
that NC-derived EVs also have regenerative potential [27]. As
such it is interesting to explore the therapeutic potential of
NC-EVs in more detail.

It is unknown if NC-EVs influence other aspects of IVD de-
generation, such as matrix catabolism or modulation of the
pro-inflammatory factors. This potency would be essential to
break the vicious degenerative cycle that is characteristic of IVD
degeneration. Therefore, in this study the anti-catabolic effects
of porcine NC-EVs were tested focusing on the two species that
suffer from the consequences of IVD degeneration, dogs and
humans and using species-specific Interleukin (IL)L-1f-driven
pro-catabolic culture models: (1) a dog 3D pellet model using
NPCs of Beagles well known for their naturally occurring IVD
degeneration [28] and (2) a clinically relevant ex vivo disc tissue
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FIGURE1 | Schematicrepresentation of the study design. The porcine NC-EVs effects were tested in the Interleukin (IL)L-1B-driven pro-catabolic
culture models: (1) a dog 3D pellet model (2) an ex vivo disc tissue model using human patient-derived NP tissue. The effect of NC-EVs in these models

was evaluated by capability of NC-EVs to modify matrix changes and secretion of pro-inflammatory cytokines and chemokines. In all experiments
donor-matched EV-depleted medium was tested to validate that the observed effects were EV-mediated and not related to co-isolated proteins.

model using human patient-derived NP tissue (Figure 1). This
single cytokine was used to model cellular and matrix changes
of IVD degeneration and has been shown to act as a pleotropic
cytokine previously [29, 30]. 3D pellet culture was conducted for
canine cells where dog NP tissues derived from client-owned
dogs undergoing surgical treatment are very small and do not
allow for testing within tissue explant culture system for differ-
ent culture conditions within the same donor. The effect of NC-
EVs in these models was evaluated by determining extracellular

matrix (ECM) changes at the biochemical level, the capability of
NC-EVs at gene and/or protein level using targeted or multiplex
ELISA to inhibit the secretion of pro-inflammatory cytokines
and chemokines, and their ability to decrease pro-catabolic
factors. Additionally, considering the robust biologic effects re-
ported for NC-conditioned media (reviewed by Bach et al. 2022
[14]), in all experiments donor-matched EV-depleted medium
was tested to validate that observed effects were EV-mediated
and not related to co-isolated proteins.
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2 | Materials and Methods

2.1 | Generation of Conditioned Medium From Pig
NC-Rich Tissue

Complete spines from nine 3-month old healthy porcine donors
were collected from the local abattoir (Asten, The Netherlands)
in accordance with national regulations. IVDs were opened
under sterile conditions and NC-rich NP tissue (Thompson grade
1 [28]) was collected by precise separation from the annulus fi-
brosus and cartilaginous endplates [31]. For NC-EV collection,
conditioned medium was generated by culturing the NC-rich
tissue for 4days (1g tissue/20mL media) in High Glucose (Hg)
DMEM + Glutamax (Gibco, 31966) supplemented with 1% pen-
icillin/streptomycin (P/S, Gibco, 15140122) at 37°C, 5% CO,
and 5% O, as described previously [32]. After 4days, the NC-
conditioned media was filtered through a 100um cell strainer
to remove the undigested NP tissue. The conditioned media
was processed further for EV isolation and generation of donor-
matched EV-depleted media controls.

2.2 | Extracellular Vesicle Isolation From
NC-Conditioned Medium

NC-EVs were isolated from the conditioned medium using a
combination of differential centrifugation and size exclusion
chromatography (SEC) [27] (Figure 2). First, the medium was
centrifuged twice sequentially at 200 and 500g for 10min at
4°C to remove debris and cells. The supernatant of the NC-
conditioned media (NCCM) was concentrated five times using a
3kDa Pierce protein concentration tube (ThermoFisher, 88 526)
at 3214g and 4°C for the required time, until about 3mL was
left in the filter (3-4h). The concentrated NCCM, containing
only molecules with a molecular weight above 3kDa, was cen-
trifuged once more at 10,000 (40 min, 4°C) to remove apoptotic
bodies. The supernatant of the 5 times concentrated NCCM
(5xNCCM) was aliquoted in low protein binding tubes (Thermo
Scientific, 90411) and stored at —80°C until further use (storage
time 2-4 months).

For EV isolation (Figure 2A), qEV SEC-columns (iZON
Science, 1 mL sample/column) were calibrated and eluted with
HgDMEM+Glutamax (for dog pellet culture) or Low Glucose
(Lg) DMEM + pyruvate (Gibco, 31885049) (for human explant
culture) with 1% P/S. The Low Glucose media better mimic the
in vivo situation [33]; however dog cells do not thrive under
these conditions in pellet culture and thus required culture
within commonly utilized HEDMEM media. Before SEC, the
5xNCCM was diluted one in five to reconstitute the original
conditioned medium (1xXNCCM). For each sample, 15 fractions
of 0.5mL were collected per qEV column. The protein concen-
tration of each fraction was determined at 280nm (DeNovix,
DS-11). Based on the expected EV sizes and the measured pro-
tein concentrations, the three fractions with the most EVs (be-
tween fractions 6-10 [34]) were pooled per column, yielding
1.5mL of EV-enriched sample.

For the generation of EV-depleted media (Figure 2B), the
1xXNCCM reconstituted conditioned medium was centrifuged
at 100,000g (Beckman Coulter, SW41, RCF average 100297g,

RCF max 139278g) for 15-18h at 4°C. The pellet, contain-
ing EVs, was discarded and the EV-depleted supernatant was
collected for SEC, as described for the EV-enriched samples.
After SEC, fractions 7-9 were pooled per column, since these
fractions were most frequently used in the pool of EV-enriched
media. After pooling, a total of 1.5mL of EV-depleted sample
was obtained.

All EV-enriched and EV-depleted samples were eluted and
stored in culture medium that contains proteins obliviating
the need to add BSA, a protein that is commonly added to PBS
media to stabilize EVs [35]. They were stored at —80°C in low
protein binding tubes until further use in culture experiments
(storage time 1-3 months).

2.3 | Nanoparticle Tracking Analysis (NTA)
of the EV-Enriched and EV-Depleted Media

To determine the concentration and the size of the particles in
the EV-enriched and EV-depleted media, NTA measurements
were performed using a NanoSight NS500 (Malvern Panalytical,
Eindhoven, the Netherlands) with a sCMOS camera and 405nm
laser. The measurements were performed with NTA 3.4 soft-
ware build 3.4.4 for data acquisition and processing (Malvern
Panalytical, Eindhoven, the Netherlands). Each sample was
diluted in Dulbecco's Phosphate Buffered Saline (DPBS, Sigma-
Aldrich, D8537) to obtain a measurement with between 40 and
150 particles per frame (1:50 for EV-enriched samples, 1:5 for
EV-depleted samples). For each sample, five captures of 30s
each were acquired with the temperature controlled at 25°C and
with the viscosity set to that of water (0.9 cP). Samples were cap-
tured at camera level 16 with a shutter of 1300 and gain of 512
(default settings). Images were processed with detection thresh-
old 20 and automatic blur.

2.4 | Dog Nucleus Pulposus Cell Culture

Nucleus pulposuscells (NPCs) were harvested from IVDs of dogs
euthanized in unrelated research studies and in oversight of the
Local Welfare Body. Briefly, complete dog spines were collected
from seven male chondrodystrophic Beagle dogs of 2 and 5years
of age. IVDs segments from all cervical, thoracic and lumbar
IVDs were collected and opened under sterile conditions and
mildly degenerated NP tissue (Thompson grade 2-3 [36, 37])
was collected by precise separation from the annulus fibrosus
and cartilaginous endplates. NPs were enzymatically digested
with 5.25U/mL pronase (Roche Diagnostics, 11459643 001) for
30min at 37°C followed by a digestion with 62.5U/mL collage-
nase II (Worthington, 4176) for 16h at 37°C. After digestion,
the cells were filtered through a 70 um cell strainer and cul-
tured in expansion medium (HgDMEM + Glutamax supple-
mented with 10% fetal calf serum (FCS, Gibco, 105000-64) and
1% P/S) at 37°C, 5% CO, and 5% O, [38]. At passage 2, all cells
from these seven donors were pooled to reduce variability from
NPC donors as a cofounder and focus on the biological effects
of the NC-EV pig donors.

For pellet formation, 100000 NPCs were plated per well in
ultra-low attachment 96-wells plates (Costar, 7007) in 150 puL
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discogenic medium (HgDMEM+Glutamax with 1% P/S,
0.5% fungizone (Gibco, 15290-018), 0.1 mM L-ascorbic acid
2-phosphate (Sigma, A8960), 1.25mg/mL human serum al-
bumin (CSL Behring GmbH, 15526054), 1% ITS-X (Thermo
Scientific, 51500056), and 0.04mg/mLL-proline (Sigma,
P5607)) supplemented with 10ng/mL recombinant human TGF-
B, (R&D Systems, 240-B-010). The 96-well plates were centri-
fuged at 163g for 5min to induce pellet formation. The pellets
were cultured for 7days in discogenic medium to induce ma-
trix deposition in the pellets [39]. Medium was changed twice
weekly with fresh TGF-f; added every medium change. After
7days, the discogenic medium was replaced with medium de-
void of TGF-f, (basal pellet culture medium) that was supple-
mented with 1ng/mL canine IL-18 (R&D Systems, 3747-CL) to
enhance a pro-catabolic environment. After 24h, the medium
was changed to experimental medium consisting of (1) basal
pellet culture medium, (2) EV-depleted media (EV-depl.), and (3)
EV-enriched media (EV). All these conditions were tested with
and without 1ng/mL recombinant canine IL-1f8. EV-depleted
and EV-media were applied at a similar concentration as pres-
ent in unconcentrated NCCM (1xXNCCM which represents 1g
NC-rich tissue/30mL medium). All culture media contained
HgDMEM as basal medium and were supplemented with the
factors as present in the basal pellet culture medium. The pellets
were cultured up to 7days at 37°C, 5% CO, and 5% O,. Culture
medium was changed three times a week with fresh 1ng/mL
canine IL-13 added during each media change.

2.5 | Sample Collection Dog Pellet Culture

Pellets for RT-qPCR were collected after treatment with NC-
EVs for 48 h. Here for, the pellets were washed twice with PBS
(Gibco, 10010031) and stored at —80°C until further use. After
7days of culture, all other pellets, for GAG and DNA measure-
ments and histology, were collected. Pellets were washed with
PBS before further processing. Medium samples were collected
only during the 7day culture period and pooled to obtain the
cumulative secretion of factors during the 7 day culture for each
individual pellet. Medium from the 24h pre-stimulation with
IL-13 were not collected for analysis.

2.6 | Human Nucleus Pulposus Tissue Explant
Culture

Ethical committee approval to use human tissue taken at the
time of spinal surgery for research purposes was obtained
from Sheffield Research Ethics Committee (09/H1308/70:
IRAS 10266). Nucleus pulposus (NP) tissue explants were iso-
lated from IVD tissue isolated from four human patients un-
dergoing surgical treatment (open micro-discectomy) for nerve
root compression with informed consent. IVDs were obtained

from L4/5 or L5/S1 from three females and one male, age
range 27-69years with moderate degenerative IVD disease
(histological scores 4-6) for the NP tissue region according to
harmonized grading scheme [40]. Only IVDs with an intact
annulus as indicated by the surgeon at time of surgery were
utilized to minimize the risk of immune cell contamination.
After collection, the tissue samples were placed in LeDMEM
(Gibco 31885049) containing 2% P/S (Gibco 15070-063) and
transported to the laboratory within 24h. The tissue samples
were separated macroscopically within the laboratory into
NP and annulus fibrosus tissue. Each NP specimen was cut
into cores of 5 in diameter and 5mm height and placed in sil-
icone rings, machined from 5 internal 8 mm external diame-
ter silicone tubing (Sourcing map, Amazon, UK) to obtain a
semi-constrained culture model as described previously with
Perspex rings, where tissue swelling is prevented and cellular
phenotype is maintained [41].

The silicone rings containing NP explants were placed in 48-
wells plates (Thermo Scientific 150787) for explant culture.
Before the start of treatments, each explant was maintained
in 1mL basal explant culture medium (LgDMEM with pyru-
vate (Gibco 31 885049) with 1% P/S (Gibco 15070-063), 2.5ug/
mL amphotericin B (Sigma, A2942), 0.1 mM L-ascorbic acid
2-phosphate (Sigma A8960), 1.25mg/mL AlbuMAX (Gibco
11020-021), 1% ITS-X (Gibco, 51500-056), and 0.04mg/
mL L-proline (Sigma, P5607) which is based on recommended
basal culture media for human NP cells in 3D culture [38]) at
37°C, 5% CO, and 5% O, for 5days, with one media change
in between, to ensure the tissue had equilibrated to the new
conditions. After equilibration, the media of the explants was
changed to 0.5mL of: (1) basal explant culture medium, (2)
EV-depleted media (EV-depl.), and (3) EV-enriched media
(EV). All conditions were tested with and without 0.1 ng/mL
recombinant human IL-1f (Peprotech, 200-01B), to further
mimic the degenerated IVD environment. Each pig NC-EV
donor was used on the set of NP explants of a single donor.
EV-depleted and EV-media were applied at a similar concen-
tration as present in unconcentrated NCCM (1xXNCCM which
represents 1g NC-rich tissue/30mL medium). All culture
media contained LgDMEM as basal medium and were sup-
plemented with the factors as present in the basal explant cul-
ture medium. The NP explants were cultured for 14 days at
37°C, 5% CO, and 5% O,. Culture medium was changed three
times a week. Fresh 0.1ng/mL IL-18 was added during each
media change.

2.7 | Sample Collection of Explants
After 14 days, explant samples were collected for GAG and DNA

measurement and histology. Explants were washed twice in 1 mL
DPBS (Gibco 14190) and each explant was cut in half to obtain

FIGURE 2 | Schematic representation of the preparation of NC-EVs and EV-depleted control medium. Conditioned medium was generated by
culturing porcine notochordal cell-rich nucleus pulposus tissue for 4 days. Differential centrifugation removed cells and apoptotic bodies. Thereafter

NCCM from each donor was processed in two ways to generate donor matched NC-EV and EV-depleted media: (A) extracellular vesicles (EVs) were

isolated from the notochordal cell-conditioned medium (NCCM) with size exclusion chromatography (SEC), gaining 1.5mL of EV-enriched medium

per column; (B) for the generation of EV-depleted control media, NCCM was ultracentrifuged (100000 g) for 15-18 h, after which the supernatant was

used for SEC. n=5 pig donors for nanoparticle tracking analysis and dog 3D NPC pellet culture, n =4 pig donors for human explants.
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one sample for GAG and DNA measurement and one for histol-
ogy. Both tissue pieces were weighed to obtain the wet weight of
each explant. The tissue for GAG and DNA analysis was stored at
—80°C until further analysis. Samples for histology were fixed in
10% neutral buffered formalin (Surgipath 3800600E) for 5days,
whereafter they were embedded in paraffin. Medium samples
were collected during each media change and stored at —80°C
until further analysis.

2.8 | Biochemical Analysis

The collected dog cell pellets and human tissue explants were
lyophilized (30min for pellets, 2h for tissue samples, Speedvac
System, Savant) and digested with papain digestion solution
(pH6, 200mM H,NaPO, - 2 H,0 (Boom B.V 21254), 10mM
EDTA (Merck Millipore 100944), 10mM cysteine HCI (Sigma-
Aldrich, C7880), and 10mM papain (Sigma-Aldrich P3125))
overnight at 60°C. The DNA content was measured using the
Qubit dsDNA High Sensitivity Assay kit (Invitrogen, Q33231)
according to the manufacturer's instructions. The GAG content
was quantified using the dimethyl methylene blue (DMMB)
assay [32]. Directly after the addition of DMMB (Sigma,
341088), the absorbance was measured at 525 and 595nm with
a microplate reader (BMG Labtech, CLARIOstar). The GAG
content was calculated using a chondroitin sulphate (Sigma
C4384) standard curve. The GAG content was corrected for the
wet weight to correct for size differences in the explants.

Matrix anabolic and catabolic effects in the dog pellets were in-
terpreted by analyzing (a) GAG pellet content, representing the
endpoint of GAG remaining deposited in the pellet after TGF-
(8, treatment together with newly deposited GAG over the 7day
treatment period, and (b) GAG released in the media, represent-
ing the GAG that was degraded and released in the media and
possibly newly synthesized GAGs not deposited in the pellet.
NC-conditioned media are rich in GAGs and as such it was an-
ticipated that the derived NC-EV media may also contain GAGs
[27]. To correct for the EV-media containing GAGs, the GAGs
in the medium were subtracted from the cumulative GAGs in
medium during treatment period.

2.9 | Enzyme-Linked Immunosorbent Assays
(ELISA) of Culture Media

Prostaglandin E2 (PGE2, Cayman Chemicals, 514010-96) and
dog specific interleukin (IL)-6 (R&D Systems, CA6000) release
were measured with ELISAs according to the manufacturer's
instructions. Additionally, a dog-specific ELISA for C-C motif
chemokine ligand (CCL) 2 was performed. Briefly, a 96-well
plate was coated overnight at room temperature with anti-swine
capture antibody (0.75 pg/mL, Kingfisher Biotech, PB0088S-100)
in a 100mM carbonate-bicarbonate buffer (pH9.6). Following
coating, the plate was blocked 90min at room temperature
with PBS containing 1% bovine serum albumin (BSA, Sigma,
A3059). A standard line was prepared with dog recombinant
CCL2 (Kingfisher Biotech, RP0466D-005) in PBS containing
1% BSA and 0.1% Tween-20, and together with the samples,
was incubated for 60 min at room temperature. The plate was
washed four times with wash buffer (PBS with 0.1% Tween-20).

Detection was performed with biotinylated anti-swine CCL2
polyclonal antibody (0.1 pug/mL, 60min, Kingfisher Biotech,
PBB0089S-050), high-sensitivity streptavidin-horseradish per-
oxidase (20ng/mL, 30min, Thermo Scientific, 21134), and
3,3',5,5'-tetramethylbenzidine (TMB) substrate (30 min, Thermo
Scientific, N301). Between each step, the plate was washed four
times with wash buffer. After the TMB substrate, 100 uL 0.18 M
sulfuric acid was used to stop the reaction and the plate was
measured at 525 and 595nm with a microplate reader (BMG
Labtech, CLARIOstar).

For the human explants, the conditioned media was further
explored for secreted factors including cytokines (IL-1ca, IL-
18, IL-4, IL-5, IL-6, IL-10, IL-17A), tumor necrosis factor
(TNF), interferon gamma (IFNy), and IL-1 receptor antag-
onist), chemokines (monocyte Chemoattractant Protein-1
(MCP-1)/CCL2, macrophage inflammatory protein (MIP) 1a/
CCL3, MIP1B/CCL4, regulated on activation, normal T-cell
expressed and secreted (RANTES)/CCLS5, growth-regulated
alpha protein (GROA)/C-X-C motif chemokine ligand (CXCL)1,
and IL-8/ CXCL38), and growth factors (epidermal growth fac-
tor (EGF), transforming growth factor alpha (TGFa), vascular
endothelial growth factor (VEGF), and fibroblast growth fac-
tor 2 (FGF2) with a multiplex Luminex assay (R&D Systems,
FCSTM18) according to the manufacturer's protocol. Results
were acquired with a Luminex 200 analyzer (Thermofisher,
Loughborough, UK).

For both models, the NC-EV and EV-depleted media where an-
alyzed together with the experimental cell pellet and explant
samples, to determine the background levels of the respective
cytokines and growth factors.

2.10 | Histology

Five um sections were cut and mounted on BOND plus slides
(Leica Biosystems, S21.2113.A). Human explants sections were
stained with Hematoxylin (Merck Millipore, 1.09249.2500)/
Eosin (H&E) and toluidine blue (Sigma-Aldrich, C.1.42040) to
evaluate the cell morphology and to determine the presence of
proteoglycans in the matrix. Immunohistochemistry for human
samples was performed to establish the expression matrix com-
ponents (collagen type I, collagen type II, and aggrecan) and
IL-1p signaling (IL-1f and IL-1 receptor type I (IL-1R1)). Dog
sections were stained with toluidine blue, collagen type I, colla-
gen type II, IL-1f3, and IL-1R1.

Briefly, samples were rehydrated through a series of xylene
and gradual ethanol series (100%, 96%, 70%). Thereafter, sam-
ples were blocked for 10min with 0.3% (v/v) H,O, (Sigma,
H1009) in PBS. Before antigen retrieval, the sections were
washed twice in PBS with 0.1% Tween-20 (PBS-T). Antigen
retrieval was performed, depending on the antibody that was
used (Table 1). After washing the sections twice in PBS-T,
they were blocked for 30min with PBS-5% BSA (Sigma,
A3059). Primary antibody was applied to each section and in-
cubated overnight at 4°C. As a negative control, the primary
antibody was replaced with isotype at the same concentra-
tion of the respective primary antibody (Figure S1). The next
day, the sections were washed twice in PBS-T and incubated
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Details on the immunohistochemistry protocol for dog pellets and human NP explants. Antibody (Ab). All primary antibodies were dilutes in 5% PBS/BSA. Where no species is mentioned,

TABLE 1

the protocol applied to both species. Not applicable (N/A).

2nd Ab

1st Ab

Antigen retrieval

Block

Ab

Target

Anti-mouse HRP (Immunologic,

Dog: 0.07 ug/mL

1mg/mL pronase +10 mg/mL

PBS-5% BSA 30min

Abcam

Collagen I

DPVM110HRP)

Human: 0.1 ug/mL

hyaluronidase 37°C 30 min

ab6308

Anti-mouse HRP (Immunologic,

Dog: 0.03 ug/mL

1mg/mL pronase +10 mg/mL

PBS-5% BSA 30min

DSHB II-116B3

Collagen 1T

DPVM110HRP)

Human: 0.75 ug/mL

hyaluronidase 37°C 30min

1mg/mL pronase +10 mg/mL Dog: N/A Anti-mouse HRP (Immunologic,

PBS-5% BSA 30min

Santa Cruz sc-33 695

Aggrecan

DPVM110HRP)

Human: 2 pug/mL (human)

hyaluronidase 37°C 60 min

Dog: 0.8 ug/mL Anti-rabbit HRP (Immunologic,

Tris (0.1 M Tris-HCL), EDTA

(0.01 M) buffer, pH8.0 70°C 30 min

Dog: 10% goat serum in PBS

Abcam ab9722

IL-18

VWRKDPVR110HRP)

Human: 2ug/mL

Human: PBS-5% BSA 30min

Anti-mouse HRP (Immunologic,

Dog: 3.6 ug/mL

No antigen retrieval

PBS-5% BSA 30min

Invitrogen MA1-10858

IL-1RI

DPVM110HRP)

Human: 18 ug/mL

with secondary antibody for 30min at room temperature.
After washing with PBS, the sections were incubated with a
3,3’-diaminobenzidine solution (Bright-DAB, VWR, BS04-
110) for 7min. The DAB staining was stopped by one wash in
demi water. The slides were counterstained with hematoxylin
QS solution (Sigma-Aldrich, MHS32) for 1 min and rinsed in
tap water for 10 min. The sections were dehydrated through a
series of graduated ethanol series and xylene before they were
mounted and analyzed further. Dog pellets were imaged with
a BX-51 microscope (CellSens Imaging software, Olympus).
The immunopositive IL-18 and IL-1RI surface area over the
total pellet surface was determined with aid of Fiji (Imagel)
software with a pathologist-supervised tailored threshold for
each sample. Human explant samples were scanned at 40X
magnification (Hamamatsu Photonics, Hamamatsu City,
Japan) for further qualitative and quantitative analysis. The
percentage of immunopositive cells for IL-1§ and IL-1RI in
the human explants were determined using semi-automated
Qpath [42] analysis using modified analysis programming de-
veloped for low cellularity tissues [43] and available at https://
disc4all-qupath.gitbook.io/qupath-project.

2.11 | Gene Expression by RT-qPCR of the Dog
Pellets

Pellets for RT-qPCR were crushed with a pestle (VWR, 431-
0099) and cells were lysed with 1% (v/v) 2-mercaptoethanol
(Merck Millipore, 805740) in RTL buffer (Qiagen, 79216) for
10min at room temperature. RNA was extracted using the
RNAeasy Micro kit (Qiagen, 74004) according to the manu-
facturer's instructions with an additional DNase step (Qiagen,
79256). RNA quantity and quality were measured at 260 and
280nm (DeNovix, DS-11). cDNA was synthesized with the iS-
cript cDNA Synthesis Kit (Bio-Rad, 1708891) according to the
manufacturer's instructions. RT-qPCR, including a melt curve
analysis, was performed using the iQT SYBR Green Supermix
kit (Bio-Rad, 1708887) and the CFX384 Touch Real-Time PCR
(Table 2).

2.12 | Statistical Analysis

All statistical analysis was performed GraphPad Prism 9.3.1.
While all technical replicates are displayed in figures, for
statistical analysis the mean of each set of technical repli-
cates was employed. First, the data were examined for nor-
mal and log normal distribution D'Agostino & Pearson test.
For normally distributed data (NTA data), a Brown-Forsythe
ANOVA (for unequal SDs) with Dunnett's correction for mul-
tiple comparisons. As all pellet and explant data were non-
normally distributed, a Kruskal-Wallis test (for non-paired
data, dog pellets) or Friedman test (for paired data for each
donor, human explants) was performed. Benjamini and
Hochberg False Discovery Rate post hoc tests were performed
to correct for multiple comparisons (between conditions).
In all tests, a p-value <0.05 was considered significant. In
human explant samples, considering the challenges that come
with large inter-donor variation in these samples, tests with a
p-value <0.1 were considered to show a trend towards statis-
tical significance.
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https://disc4all-qupath.gitbook.io/qupath-project
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TABLE 2 | List of RT-qPCR primers. Forward primer (F), reverse primer (R), base pair (bp).

Annealing
Genes Primer sequence temperature (°C) Amplicon size (bp) Efficiency (%)
Reference genes
GAPDH F: TGTCCCCACCCCCAATGTATC 58 100 93.9
R: CTCCGATGCCTGCTTCACTACCTT
HPRT F: AGCTTGCTGGTGAAAAGGAC 58 104 100.5
R: TTATAGTCAAGGGCATATCC
Target genes
Anabolic genes
COL1A1 F: GTGTGTACAGAACGGCCTCA 61 109 107.5
R: TCGCAAATCACGTCATCG
COL2A1 F: GCAGCAAGAGCAAGGAC 63.5 150 98.1
R: TTCTGAGAGCCCTCGGT
ACAN F: GGACACTCCTTGCAATTTGAG 61 110 92.3
R: GTCATTCCACTCTCCCTTCTC
Catabolic genes
ADAMTSS F: CTACTGCACAGGGAAGAG 61 148 117
R: GAACCCATTCCACAAATGTC
MMP3 F: CCCAAGTGGAGGAAAACTCA 60 114 93.3
R: CACCTCCTTCCAGACATTCAG
MMPI3 F: CTGAGGAAGACTTCCAGCTT 65 250 110.7
R: TTGGACCACTTGAGAGTTCG
Pro-inflammatory factors
IL-6 F: GAGCCCACCAGGAACGAAAGAGA 65 123 100.4
R: CCGGGGTAGGGAAAGCAGTAGC
CXCLS8/IL-8 F: CTGTTGCTCTCTTGGCAGC 63.5 122 94.3
R: GGGATGGAAAGGTGTGGAG
CCL2 F: AGCCAGATGCAATTATTTCTCC 60 137 94.4
R: GACGGTCTTGAAGATCACAG
COX-2 F: TTCCAGACGAGCAGGCTAAT 60 112 102
R: GCAGCTCTGGGTCAAACTTC
3 | Results EVs in the EV-enriched media, donor-matched EV-depleted

3.1 | Quantitative Analysis With Nanoparticle
Tracking Analysis of EV-Enriched
and EV-Depleted Media

Based on nanoparticle tracking analysis (NTA), the NC-EV en-
riched media contained approximately 8x10'° particles/mL
(average 7.9x101°+1.1x10Vparticles/mL, Figure 3A), with
little donor variation. The number of particles in one donor
(#4) was visibly lower, but this did not reach statistical signifi-
cance. To validate that the detected particles represented the

controls were prepared and measured. The EV-depleted media
of all donors contained approximately 100-fold less particles
(8.0x10%+2.3x 108 particles/mL, Figure 3A) when compared
to the EV-enriched media, with significant but relatively small
mean differences within the EV-depleted media between donors
(Figure S2). The measured values for the EV-depleted media are
close to the plain PBS values measured, 6.8 X107 particles/mL,
indicating that they close to the NTA background levels. The
mean size of the particles in the EV-media ranged between 185
and 207nm based on the size distribution graphs (Figure 3B).
Although the average size of particles in EV-depleted media was
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Quantitative analysis with nanoparticle tracking analysis of EV-enriched and EV-depleted media from five porcine donors. (A) Number

of particles per mL detected in the EV and EV-depleted fractions (mean + SD). (B) Particle distribution histograms of individual NC-EV samples (D1-
D5). EV-depleted samples were measured for each donor separately (see Figure S2), for visualization aggregated data is represented as the mean of the
five donors. Note that the EV-depleted y-axis has been adjusted to allow visualization of the data. All data are represented as mean + SEM. n=5 porcine
donors were used to generated EV and donor-matched EV-depleted media. *p <0.05 and **p <0.01 significantly different between samples.

in the same range (164-217nm), the size distribution of the EV-
depleted media was less defined (Figure 3B and Figure S2).

3.2 | Treatment of Dog 3D NPC Pellets Subjected
to the IL-18- Induced Catabolic Cascade With
NC-EVs Did Not Result in Distinct Anabolic

or Anti-Catabolic Effects

IL-1pB treatment of dog 3D NPC pellets cultured in discogenic
medium devoid of TGF-{, (basal pellet culture medium) with
canine specific IL-1$ for 1week resulted in GAG depletion of
the pellets (Figure 4A) and a significant reduction of the DNA
content (Figure 4B). The reduction in GAG content of the pel-
let was supported by the decrease in toluidine blue staining
intensity (Figure 4K). The cumulative GAG release measured
in the media during the 7days treatment was not affected
(Figure 3C,D). IL-1f treatment significantly reduced COL2al
mRNA levels [29, 44] (Figure 4F), and increased MMP3
(Figure 4I).

At the biochemical level, in the analysis of modulatory effects
of NC-EVs the amount of GAGs released into the media in the
7 day culture period was increased in conditions where NC-EVs
were added, as well as in EV-depleted control medium + IL-1f3
treated pellets (Figure 4C). However, NC-derived conditioned
medium is GAG-rich and GAGs were also largely present in
the derivatives used in culture, the NC-EV and EV-depleted
media (gray bars Figure 4C). The catabolic effects of IL-13 on
the GAG pellet content determined with quantitative (biochem-
istry) and qualitative (Toluidine blue staining) outcomes were
not rescued by treatment with NC-EVs or EV-depleted media
(Figure 4A,K). However, when the data were corrected for the
GAG background present in media derivatives, NC-EV treat-
ment only in the presence of IL-1f resulted in significantly less

GAG release by 2.8 fold compared to the EV-depleted proce-
dural controls (Figure 4D).

The above described catabolic effects of IL-18 at the gene ex-
pression level, were not modulated by the NC-EV, nor the EV-
depleted media (Figure 4E-J). Collagen type II and I staining
confirmed the gene expression findings, as no clear trends were
observed in the NC-EV and EV-depleted treated groups when
compared to the control (Figure 4K). Altogether, in the dog 3D
NPC pellet model, NC-EVs did not show distinct anabolic effects
and failed to rescue the catabolic effects of IL-10.

3.3 | Treatment of Dog 3D NPC Pellets With
NC-EVs and EV-Depleted Media Resulted in Modest
Decrease in CCL2 Secretion

After culture in control medium+IL-1f3, a significant increase
in the gene expression of the pro-inflammatory factor CCL2
was observed (Figure 5C), while IL-13 stimulation did not sig-
nificantly affect IL-6, CXCL-8/IL-8, and COX-2 gene expression
(Figures 5A,B and 5D). IL-1f treatment increased IL-6 and
CCL2 secretion (Figure 5E,F), while PGE2 secretion remained
constant (Figure 5D,G). Furthermore, immunohistochemistry
for IL-1p and its receptor, IL-1RI, showed a significant increase
in immunopositivity in IL-1f treated pellets (Figure 5SH-J).

Treatment with NC-EVs or EV-depleted media for 48 h did not re-
sult in differences in the mRNA expression of any of the studied
pro-inflammatory factors (Figure 5A-D). At protein level, treat-
ment of pellets with NC-EVs in the presence of IL-1f3 for 7days
significantly decreased IL-6 although modestly (mean—8.6%)
(Figure 5E) which was also observed in EV-depleted media
suggesting that it is not EV-mediated. CCL2 release was not
modified by the treatment (Figure 5F). Notably, treatment with

10 of 21

JOR Spine, 2025

[umod ‘I ‘STOT “ev11TLST

:sdny wouiy pap

ASUAOI] SUOWILOY) dANEaI)) d[qear[dde ay) £q PauIaA0S aIe Sa[dNIE V() 1asN JO SA[NI J0f AIRIQIT AUI[UQ K[IA UO (SUONIPUOI-PUB-SULIA) W0’ Aa[1m  KIeIqr[aur[uoy/:sdny) suonipuoy) pue swa ], ay) 23S [$70z/20/#0] uo Kreiqry auruQ £[Im ‘A TALAIHS 4O ALISYAAINN £4 €£00L2ds[/2001°01/10p/wod Kajim K.



>
vy)

GAG content pellet DNA content
10
30 *KK *
Hokok * Nodonor
Ei ; 8 [ —
Ed * Pigl s e
= . — d
5 e " cPe2 Boel BT mh
2 PESL A S v Pig3 < 00%3e! * 208y8ve
3 B M b Z 04 o ey —
2 10 .« Pig4 g o :
&} © Pig5 0.2 : B -
encemed R et g
N Q- T QI N N 0. T T T T T T
T A N N S Y - R S
© & & L < N Q& & N
S Sl &«" &
[S; & & &
C GAG release in medium D GAG release in medium corrected for background
EE L]
500: —_— 400
* %k
= 400 1 *x =
2 f *k ! 2 —_—
2 2 200
@ 300 | ——— @
2 2
s I 2 aay R
5 200 G o et 37 ", abloges _""""
¥ i
5 100 g . : . mada s
T ° 044,08
0 T T T T T T T T T T
o&o\ R Q& \J& &Q\ \\f& é‘“@\ R Q N beQ\ =R
& > éx & Q\.x & N & & &.x
& 5 & #
& & & &
E ACAN F coLzat G ADAMTS5
{ 100 £ 100000 * * * { 100
::': . " g r 1 r 1 r 1 ;.g N N
H . £ 10000 § 10¢ =i M
£ 10 = $ .. £ 4 . =
g JE, % 1000 ":’7?‘ 3 N . ¢ A
H .. iy N s 5 107 : —ta X
3 .2 b or 3 100 3 o N
81 See . H 4 ey 8 v b
T s .o w . £ 108, e 1%
F & g
2 01 T T T T T T ES 1 T T T T T T g, 10 T T T T T T
o~ N > > >
S T N A S N N AN
¢ oy & & Ny ¢ & & & & IS; 5 & & >
& & & ¥ & o
& é’ (% &
COL1A1 MMP3 MMP13
§ oo § 102 . N N i o
H K] H " £ 10 ' ! f ! f ! £ 1
g 3 g ¢
£ LA o Ty 1 10n £ o1 ¥
g . b iam £ 10- v
5 ooor{ tu%* 1 ey T H oo é 001 K
E . . o ve® & Z§~ E 105 Afg' E o0t é:.:. ey
5 . e . 5 3
£ . § 10¢ ‘ £ 00001
& 5 e 5 .
£ 00001 . r r . . . § 107 . . 3, 00000 T T T T : T
o > . N \J * N &
& \\;& Q \\;& & R e K > S & O & &
¢ > - & N N ¢ > & & >
& @ o & S & < =
< & ¢ & < &
K Control Control + IL-1 EVs EVs +IL-1B EV-depl. EV-depl. + IL-1B
° = = ; 3 = — T
2 )
o)
(V]
=
2
=
o
= .
=
c
[J]
o0
o
(o}
(U]
=
c
[J]
o0
o
(o}
(U]
—

FIGURE 4 | The effect of porcine notochordal cells (NC)-derived EVs at matrix level in dog 3D NPC pellets. (A) GAG content, (B) DNA content, (C)
GAG release into the medium, (D) GAG release corrected for background of dog pellets cultured in control medium, medium containing NC-EVs, and NC-
EV-depleted media, with and without human IL-1, for 7days. (E) ACAN, (F) COL2al, (G) ADAMTSS, (H) COL1A1, (I) MMP3, and (J) MMP13 mRNA
expression in dog pellets cultured in each condition for 48 h. (K) histology of dog pellets cultured for 7days. Scale bar indicates 100 um. Pellets containing a
pool of n="7 dog nucleus pulposus donors were tested with individual porcine NCCM donors (n =5, pig 1-5). *p <0.05, **p <0.01, ***p <0.001. Data are dis-
played as the grand mean with the individual donors plotted. The gray bars indicated the amount of GAGs that is detected in EV- and EV-depleted media.
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FIGURE 5 | The effect of porcine notochordal cells (NC)-derived EVs on pro-catabolic factors in dog 3D NPC pellets. (A) IL-6, (B) CXCL8/IL-8,
(C) CCL2, and (D) COX-2 expression of dog pellets cultured in control medium, medium containing NC-EVs, and NC-EV-depleted media, with and
without canine IL-1f, for 48 h. (E) IL-6 release in the medium (dl: 15.6 pg), (F) prostaglandin E2 (PGE2) release in the medium (dl: 3.9 pg), and (G)
immunohistochemistry for IL-1f and IL-1 receptor I (IL-1RI) of dog pellets cultured for 7days with corresponding immunopositive surface area (I
and J, respectively). Pellets containing a pool of n =7 dog nucleus pulposus donors were tested with individual porcine NCCM donors (n =5, pig 1-5).
*p<0.05, **p<0.01. Data are displayed as the grand mean with the individual donors plotted. Detection limit (d1) of the factors is indicated between
brackets. The background levels of the EV- and EV-depleted media alone (without pellet culture) were below the detection limit for all measured
factors. ND: not detectable. Scale bar indicates 100 um.
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EV-depleted media in the presence and absence of IL-1f in-
duced a significant increase PGE2 secretion (Figure 5G). The
trend was also observed in the NC-EV media but did not reach
statistical significance. Background levels of PGE2 in both EV-
and EV-depleted media were undetectable. None of the treat-
ments led to a clear change in the immunopositivity of IL-1
and IL-1RI (Figure 5H-J).

3.4 | Treatment of Human NP Explants With
NC-EVs Did Not Result in Effects on the Matrix

IL-1f treatment on patient-derived NP explants did not affect
GAG and DNA content, nor GAG release by the explants during
the 2week culture (Figure 6A-C). The lack of an IL-13-mediated
effect was confirmed by the toluidine blue staining and immu-
nohistochemistry for aggrecan, collagen type I, and collagen
type II (Figure 6E) showing comparable extracellular staining
profiles among the different culture conditions.

Cautious interpretation of the data with respect to NC-EV associ-
ated effects is warranted particularly considering the number of
donors studied and the variability observed. Treatment of patient-
derived NP explants with NC-EVs and EV-depleted media for
2weeks did not elicit distinct effects on the matrix composition
of the explants. The GAG and DNA content of human explants
treated with NC-EVs or EV-depleted media was comparable to
control media with or without IL-1f (Figure 6A). This was con-
firmed by the toluidine blue staining and aggrecan immunostain-
ing which showed no differences (Figure 6E). The GAG content
of the media, defined by the GAG released by the explant and the
GAG-content of the media derivatives, was significantly higher
when the explants were treated with NC-EVs compared to con-
trol (Figure 6C). This effect was independent of the presence of
IL-1B. The background GAG content of EV media was lower but
close to the mean GAG release in the media, thus conclusions
on effects on GAGs produced and released by the EV-treated
explants were difficult (Figure 6D). Immunohistochemistry re-
vealed the main collagen type in the explants to be collagen type
II. In some of the explants faint matrix staining of collagen type
I was also observed, consistent with NP degeneration, although
this was not associated with specific treatments. Overall, the im-
munohistochemistry staining for all four donors did not reveal
clear trends in the aggrecan, collagen type I, and collagen type II
content upon NC-EV or EV-depleted treatment.

3.5 | Treatment of Human NP Explants With
NC-EVs Resulted in a Decreased Secretion of IL-6
and an EV-Associated Decrease in Immunopositivity
of IL-18

After culture in control medium + IL-18, non-significant increases
in the release of IL-1a, IL-6, TNF, IFNy, and IL-17A were observed
(Figure 7A-E), while VEGF remained comparable to control me-
dium (Figure 7F). Cytokine levels in EV- and EV-depleted media
alone (i.e., without explant culture) were measured to interpret the
data within the context of the background levels of the cytokines.
In NC-EV treatment of explants stimulated with IL-1(3, the IL-6
release was significantly decreased when compared to control me-
dium (Figure 7B) but not compared to EV-depleted media. Whilst,

no other cytokines showed significant differences in release fol-
lowing any treatment. Effects on IL-17A could not be evaluated
for NC-EV containing media seeing as background levels within
media alone were comparable, while they were considerably lower
in the EV-depleted controls. Whether NC-EV decreased IL-17A
secretion remains elusive in the current study. At the immunobhis-
tochemical levels, there were no detectable differences between
treatments (Figure 7H,I).

3.6 | Treatment of Human NP Explants Stimulated
by IL-1f With NC-EVs Resulted in Decreased
Secretion of Pro-Catabolic Chemokines CXCL1

and CCL2

IL-1f8 stimulation resulted a significant 100-fold increase in
the release of PGE2 (Figure 8A) and small but nonsignificant
increase for all chemokines, with the exception of CXCLS8/
IL-8(Figure 8B-F). The release of PGE2 in explants treated with
NC-EVs+IL-18 decreased by 50-fold compared to IL-1f treat-
ment alone, although this failed to reach significance (Figure 8A).
The effect of NC-EVs treatment was primarily limited to the
chemokines CXCL1 and CCL2. In the presence of IL-13, NC-EV
treatment resulted in a significant decrease of CXCL1, nearing
background levels (Figure 8B). Notably, this reduction was ab-
sent when EV-depleted media was used, indicating that the effect
was NC-EV specific. Upon treatment with NC-EVs, CCL2 release
was increased in the absence of IL-1f in the media (Figure 8D).
However, NC-EVs in the presence of IL-1f significantly reduced
CCL2 release, which in 3 out of 4 donors approached background
levels, while in the respective EV-depleted controls these effects
were not observed.

3.7 | Treatment of Patient Derived Explants
With NC-EVs Did Not Modulate the Release
of Anti-Catabolic Factors and Growth Factors

Overall, the release of anti-catabolic factors and growth fac-
tors was quite stable across all treatments (Figure 9). However,
one donor (HD655 (pink color)) from the four investigated dis-
played potential effects with an increase of IL-10 and TGFa
in the presence of IL-1f3, and a decrease in those factors when
NC-EVs were added to the medium (Figure 9A,C). Similarly,
IL-1-Ra and EGF were only detectable in the presence of IL-13
alone. This effect was absent when this donor was treated with
EV-depleted media suggesting that donor specific EV effects
may be present.

Overall, the present explorative study of modulatory effects of
NC-EVs on the IL-183- induced catabolic cascade presents with
notable donor variation, with some donors showing no response
in cytokine and chemokine release upon IL-1§ or NC-EV treat-
ment. The relatively small set of donors that was used for human
NP explant generation makes it therefore more difficult to make
general conclusions about the effects of NC-EVs. The differences
between the donors might relate to the age of the donor or the
degeneration grade of the IVD material. Interestingly, the two
oldest donors, HD654 and HD655, aged 61 and 69 respectively,
showed a consistent decrease in the release of pro-inflammatory
factors upon NC-EV treatment.
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FIGURE 6 | The effect of porcine notochordal cells (NC)-derived EVs at matrix level in degenerated human nucleus pulposus explants derived
from patients. (A) DNA content, (B) GAG content, (C) GAG release, (D) GAG release correct for the background, and (E) histology of the explants
cultured in control medium, medium containing NC-EVs, and NC-EV-depleted media, with and without human IL-18, for 14days. n=4 human ex-
plants donors (HD654-HD556, and HD666) were tested with individual porcine NCCM donors (n =4). * Significantly different from control condition
(p<0.05). Data are displayed as the grand mean with the individual donors plotted. The gray bars indicated the amount of GAGs that is detected in
EV- and EV-depleted media alone (without explant culture). Scale bar indicates 100 wm.

Seeing the subtle homeostatic effects of NC-EVs we conducted
a post hoc power analysis. Power analysis was conducted
using the mean CCL2 (main read-out parameter) and observed
variance in the present study with an alpha of 0.05 and a
power set at 0.85. Assuming that the data would remain non-
parametric, the non-parametric Wilcoxon signed rank test for

paired samples was used focusing on the comparison between
EV-associated effects to the EV-depleted control, both in the
presence of the pro-inflammatory stimulus compared. The re-
sults show that a follow up study would require at least seven
donors. Expanding further the research question to whether or
not the EV-associated effect is IL-1f3-dependent would require
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FIGURE7 | The effect of porcine notochordal cells derived EVs on the release of pro-inflammatory factors and expression of IL-1f and IL1 recep-
tor in degenerated human nucleus pulposus disc explants. Release of (A) IL-1a (dl: 0.12 pg/mg), (B) IL-6 (dl: 0.10 pg/mg), (C) TNF (dl: 0.13 pg/mg., bg.
EVD: 0.003 pg/mg), (D) INFy (dl: 0.006 pg/mg, bg. EVD: 0.001 pg/mg), (E) IL17A (dl: 0.09 pg/mg, bg. EV: 0.011 pg/mg, bg. EVD: 0.003 pg/mg), and
(F) Vascular endothelial growth factor (dl: 0.07 pg/mg, bg. EV: 0.33 pg/mg) of the explants cultured in control medium, medium containing NC-EVs,
and NC-EV-depleted media, with and without human IL-1p, for 14days. (G) Immunopositivity for (H) IL-1f and (I) IL-1 receptor I (IL-1RI) in the
human explant tissues after 14 days of culture. n=4 human explants donors (HD654-HD556, and HD666) tested with individual porcine NCCM do-

nors (n=4). *: p<0.05. Data are displayed as the grand mean with the individual donors plotted. Samples that were not detectable are plotted on the

x-axis for visibility. Detection limits (dl) of the respective cytokines are indicated between brackets. The gray bars indicated the levels of the analyte

that is detected in EV- and EV-depleted media alone (without explant culture). The exact level of the background (bg.) is indicated between brackets.

Scale bar indicates 100 wm.

between 10 to 36 donors to be included, the latter depending
on whether matched samples with non-parametric tests or un-
matched samples for parametric tests are used, respectively.
Ideally, each donor is represented in all tested conditions
(matched). However, in extended study designs, including dif-
ferent experimental groups, it is conceivable that the latter may
be practically impossible necessitating unmatched tissue sam-
ples. As such, only by increasing the number of donors, paired
samples and focusing on one specific research question is it
possible to design a feasible study with sufficient power allow-
ing for firm conclusions.

4 | Discussion

This study is the first to explore the anti-catabolic effects of
porcine NC-EVs in two clinically relevant pro-catabolic culture
models. As the increase in pro-inflammatory cytokines in the
degenerating IVD is a major driver of catabolism [12], in the
presented model this was mimicked with the plethoric inflam-
matory cytokine (IL-1§), which has been implicated as one of
the key mediators in IVD disease [29]. Upon addition of species-
specific IL-1f3 in the two models, catabolism and the release of
a variety of pro-inflammatory factors were induced, which are
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FIGURE 8 | The effect of porcine notochordal cells derived EVs on the release of prostaglandin E2 and chemokines in degenerated human nu-
cleus pulposus disc explants. Release of (A) prostaglandin E2 (dl: 0.09 pg/mg, bg. EV: 0.10 pg/mg, bg. EVD: 0.08 pg/mg), (B) chemokine ligand 1 (dl:
0.24pg/mg, bg. EV and EVD: 0.43 pg/mg), (C) chemokine ligand 8/IL-8 (dl: 0.02 pg/mg, bg. EV and EVD: 0.005 pg/mg), (D) chemokine ligand 2 (dl:
0.06 pg/mg, bg. EV and EVD: 0.06 pg/mg), (E) chemokine ligand 3 (dl: 0.06 pg/mg, bg. EV and EVD: 0.19 pg/mg), and (F) chemokine ligand 4 (dI:
1.1pg/mg, bg. EV and EVD: 0.21 pg/mg) of the explants cultured in control medium, medium containing NC-EVs, and NC-EV-depleted media, with
and without IL-14, for 14 days. n =4 human explants donors (HD654-HD556, and HD666) were tested with individual porcine NCCM donors (n=4).
*: p<0.05. Data are displayed as the grand mean with the individual donors plotted. Samples that were not detectable are plotted on the x-axis for

visibility. Detection limits (dl) of the respective cytokines are indicated between brackets. The gray bars indicated the amount of the analyte that is
detected in EV- and EV-depleted media alone (without explant culture). The exact level of the background (bg.) is indicated between brackets.

also common in in vivo IVD degeneration [10-12]. NC-EVs did
not elicit a matrix anabolic effect at the gene expression, histo-
logical and biochemical level in dog pellet and human explant
cultures, nor did NC-EVs induce the secretion of matrix anabolic
growth factors, including TGFa, FGF2, and EGF in human ex-
plants. Treatment with NC-EVs resulted in small decreases in se-
cretion of pro-inflammatory factors IL-6, CCL2, and CXCL1 only
in human explant cultures prompting to hypothesize that they
may subtly finetune the degenerative cascade.

To confirm the presence of NC-EVs after the isolation proce-
dure, size and concentration of the particles in the media was

measured. Porcine NC-EV media contained a considerable
quantity of particles, comparable to studies on EVs from other
sources [45] and a previous study on NC-EVs that quantified
EV numbers with flow cytometry [27]. The number of parti-
cles that were detected in five donors showed little donor vari-
ation, in contrast to previous work [27]. This difference may
relate to the more stringent isolation procedure, resulting in
less co-isolated particles [46], and the more specific detection
of EVs with flow cytometry when compared to NTA [47]. To
correct for the effect of co-isolated colloidal structures and
proteins, donor-matched EV-depleted controls were measured.
The EV-depletion procedure resulted in a considerable loss of
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FIGURE 9 | The effect of porcine notochordal cells derived EVs on the release of anti-catabolic factors and growth factors in degenerated hu-

man nucleus pulposus disc explants. Release of (A) IL-10 (dl: 0.69 pg/mg, bg. EV: 0.15pg/mg, bg. EVD: 0.24pg/mg), (B) IL-1 receptor antagonist
(IL-1Ra; dl: 0.12pg/mg, bg. EV: 0.09 pg/mg, bg. EVD: 0.67 pg/mg), (C) Transforming growth factor alpha (TGFa; dl: 0.11 pg/mg, bg. EV and EVD:
0.0.02pg/mg), (D) Fibroblast growth factor 2 (FGF2; dl: 0.14 pg/mg, bg. EV: 0.09 pg/mg, bg. EVD: 0.05 pg/mg), and (E) Epidermal growth factor (EGF;
dl: 0.08 pg/mg, bg. EV: 0.004 pg/mg, bg. EVD: 0.03 pg/mg) of the explants cultured in control medium, medium containing NC-EVs, and NC-EV-
depleted media, with and without IL-1f, for 14 days. n=4 human explants donors (HD654-HD556, and HD666) were tested with individual porcine
NCCM donors (n=4). Data are displayed as the grand mean with the individual donors plotted. Samples that were not detectable are plotted on the
x-axis for visibility. Detection limits (d1) of the respective cytokines are indicated between brackets. The gray bars indicated the amount of the analyte

that is detected in EV- and EV-depleted media alone (without explant culture). The exact level of the background (bg.) is indicated between brackets.

particle count, showing that there were NC-EVs present in the
EV-media. The presence of a variety of EV-associated markers
in EV-enriched media using the presented isolation procedure
was shown in previous work [34], including protein markers
that demonstrate the lipid-bilayer structure of EVs (i.e., integ-
rin beta-1 and sonic hedgehog) and proteins that identify lumi-
nal protein cargo (i.e., TSG101, flotillin-1, caveolin-1, HSP70/
HSC70, HSPAS, Annexin II, and GAPDH). Altogether, this
confirms the presence of EVs in the NC-EV media that were
used in the current culture experiments.

To study the anti-catabolic effects of NC-EVs, two in vitro
models of IVD degeneration were established. The first model,
used cells culture pellets of dog NPCs departing from a well-
established model [32, 39] that has been used for testing the
anabolic effects of NC-EVs previously [27]. To mimic the
catabolic environment of the degenerating NP, this model
was adapted by starting with 100000 cells per pellet instead
of 35000 and introducing a 1-week period of anabolism with
TGF-£1 [48] to allow deposition of a GAG-rich extracellular
matrix, which was followed by a period of matrix catabolism
induced by IL-1f [12, 29]. Focusing on functional read outs,
the pro-catabolic response in this model was validated by the
overall depletion of GAGs in the matrix and indications that
also the collagens were affected. Furthermore, IL-1 stimula-
tion resulted in the increased secretion of IL-6 and CCL2, all
of which are well-known to be induced by IL-1f [29, 30, 49, 50]
and have a role in IVD degeneration [12]. The cellular pheno-
typic changes remain to be determined. The combined distinct
effects on the matrix as well as on pro-inflammatory/pro-
catabolic factors make this a useful model to study the degen-
erative process in vitro.

In the IVD, however, cells are not in direct contact with each
other, but are dispersed within a rich extracellular matrix [41].
Since this aspect is not addressed in the dog pellet culture, the
semi-constrained culture of patient-derived NP tissue was em-
ployed. Although this NP tissue is derived from an already pro-
catabolic environment, IL-1(3 at physiological concentration (i.e.,
10-fold lower than the concentration used in the dog pellets) was
added to the culture media to ensure the continuation of the
in vivo degenerative cascade. In degenerate human IVDs, higher
expression of IL-1 receptor is reported and [29] NP cells from de-
generated IVDs display a pronounced response to IL-1f stimu-
lation [29]. Interestingly, compared to the dog pellet culture, the
effects of IL-13 were less evident, with no effects on matrix com-
position and only small effects on pro-inflammatory factor re-
lease upon IL-1@ stimulation. The concentration of IL-1f used in
our study (0.1 ng/mL) with the aim to better approach the in vivo
degenerative niche could be considered low when compared to
other studies, which use 10-100ng/mL IL-1§ [51, 52]. However,
simulation of NPCs isolated from degenerated tissue with IL-1
can lead to the generation of a positive feedback loop [29] imply-
ing that low concentration IL-13 should be sufficient to mimic
the in vivo situation. Furthermore, when using low concentra-
tions of proinflammatory cytokines in explant culture, longer
time is needed to induce a consistent and significant induction
in chemokine and cytokine secretion [53]. These relatively mild
IL-13 effects in the human NP explant model may mimic bet-
ter natural IVD degeneration slowly progressing over years.
Addition of IL-1f in the media augmented release of PGE,, mul-
tiple cytokines, IL-1a, IL-6, TNF, IFNy, and IL-17A, and chemo-
kines, such as CXCL1, CCL2, and CCL4, which previously have
been shown to be upregulated with IL-1 [30] and human de-
generated IVD [54]. Therefore, this model can be considered as
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a potential model to test the anti-catabolic effects of NC-EVs but
comes with several challenges, including large donor variation,
as well as the miniaturization of the model to allow for working
with small volume of culture media necessitated by the use of
NC-EVs. Small tissue volumes per sample may not take tissue
heterogeneity of the human degenerate NP into account, result-
ing in greater variability, although most variability was observed
between patients rather than within patient samples. However,
given the large variation between patient responses in conjunc-
tion with the subtle homeostatic effects EVs exert the study was
evidently underpowered.

Contrary to an earlier study conducted on 3D pellet culture of
human and dog NP cells [27], in the present study, the same dose
of NC-EVs did not elicit distinct anabolic effects in both models
studied. However, there are two major differences; the anabolic
effects of NC-EVs reported by Bach et al. 2017 were studied in
smaller pellets (i.e., 35,000 cells) and in the absence of growth
factors or pro-catabolic factors [27] which may facilitate study-
ing the pro-anabolic NC-EV potential. In the current study, the
strong anabolic stimulus was provided (10 ng/mL TGF-@,) result-
ing in GAG-rich control pellets, which may have overshadowed
the subtle anabolic NC-EVs effects. Additionally, a tissue ana-
bolic effect of NC-EVs was also not observed in the human ex-
plant model, at the biochemical or histological level, nor based on
the measured growth factors released in the culture media. This
may relate to the fact that NP cells are embedded in their matrix
and exhibit even lower metabolic activity due to the degenerat-
ing conditions [55]. Although matrix catabolism in the human
NP explant model is evident after 2weeks [41], it is unknown if
anabolic effects can be observed within that time frame. For fu-
ture studies, longer follow up periods, together with increasing
doses of NC-EVs and data analysis on the GAGs corrected for dry
weight of the explants, thereby reducing the effect of initial tissue
hydration of the explant [56], may reveal more subtle biochemical
changes in GAG content.

The effect of NC-EVs on the secretion of pro-inflammatory and
pro-catabolic factors were subtle and limited to the human ex-
plants responding with decreased secretion CCL2, IL-6, and
CXCL1. The present study, however, does not robustly affirm
that all these observations are EV-associated. To claim an EV-
specific effect in functional studies it is essential that an EV-
depleted control is also tested to account for the cofounding
effect of co-isolated colloidal structures and proteins [57]. EV-
depleted media also exerted mild effects, which is in line with
the notion, that also soluble bioactive factors derived from the
NC-conditioned media may also exert biologic effects [27, 39].
The lack of significance between the EV-treated and EV-depleted
control may come from the lack of power of the current study
to detect subtle differences further complicated by the evident
donor variation. This limitation can only be addressed in future
studies by studying higher number of human donors, together
with extension of the follow up period.

Surprisingly, in the dog model, an increase in the release of
the lipid mediator PGE2 was observed upon NC-EV and EV-
depleted media treatment which was independent of the pres-
ence of IL-1f8. This could potentially indicate that NC-EVs
provide pro-catabolic effects [58], however PGE2 also exerts
other roles. More recently, PGE2 has been shown to be involved

and even essential in tissue regeneration in diverse organ sys-
tems [59]. For example, release of PGE2 after a myocardial
infarction has been shown to be essential for activation of the
resident stem cells [60, 61] and treatment with non-steroidal
anti-inflammatory drugs (i.e., COX-2 inhibitors) after a myocar-
dial infarction can worsen treatment outcomes in patients [62].
Although the regenerative effect of PGE2 has not been shown
yet in the IVD, its widespread involvement in tissue regenera-
tion, including the musculoskeletal system (e.g., the repair of
bone fractures and skeletal muscle myogenesis [59]), suggests
that PGE2 may have multiple functions in the degenerating
IVD. In the human explant model, the induction of PGE2 upon
stimulation of the explants with ILf was not observed in the
NC-EV +1IL-1f treated explants. As this effect was not observed
when the explants were cultured in EV-depleted media, it could
even be speculated that NC-EVs counteracted this stimulation
that was seen with IL-1§ containing medium.

Another possible limitation of the study design, is that NC-EVs
were supplemented to the media and not injected into the core
of the NP explants, thus the limited effects may have been ham-
pered by penetration of the NC-EVs into the pellets and the ex-
plants. To the authors knowledge this has not been studied in
the context of the IVD, but there are indications from articular
cartilage matrix [63] where EV penetration in native tissue was
limited. Penetration of mesenchymal stromal cell-derived EVs
in cartilage pellets of 400000 cells showed that the EVs only
reached 30-40pum depth after a five-hour time-lapse [64]. In
the same model, after 96h, full and homogenous penetration
of the pellets was observed. This implies that in our model
containing 100000 cells/pellets and a diameter of 900 um, it is
uncertain whether EVs will have reached the core of the pel-
let in the 7days culture period. For the patient derived NP ex-
plants with a diameter and height of 5mm, however, there is
dense extracellular matrix which may have limited penetration.
However, one study showed rapid penetration of mesenchymal
stromal cell-derived EVs into cartilage explants with a penetra-
tion of 25-30 wm already after the first hour of incubation [64].
Affirmatively, EVs derived from neutrophils did reach a tissue
penetration of approximately 100 um in a rat cartilage explant
model after 18h of incubation [65]. In this last model, it was
shown that EV penetration was improved in explants that were
stimulated with IL-18 which suggests that a pro-catabolic envi-
ronment may in fact be beneficial for EV penetration. In IVD
disease, while the later may apply in early stages of IVD degen-
eration, the tissue matrix ultimately becomes more fibrotic and
therefore stiffer with progressed degeneration [66] hypothet-
ically further limiting the penetration of the EVs. In addition
to the matrix components affecting EV penetration, it has been
shown that EVs from other cell types contain matrix degrad-
ing enzymes, which could facilitate their penetration through
the matrix [67]. The EVs used in this study were isolated from
a different cell source, therefore their composition and rate of
penetration may differ. Penetration studies of EVs within the
context of the degenerating IVD are warranted.

5 | Conclusions

This study is the first to explore the effect of NC-EVs in a pellet
model mimicking the IL-1f3-induced pro-catabolic environment of

18 of 21

JOR Spine, 2025

[umod ‘I ‘STOT “ev11TLST

:sdny wouiy pap

ASUAOI] SUOWILOY) dANEaI)) d[qear[dde ay) £q PauIaA0S aIe Sa[dNIE V() 1asN JO SA[NI J0f AIRIQIT AUI[UQ K[IA UO (SUONIPUOI-PUB-SULIA) W0’ Aa[1m  KIeIqr[aur[uoy/:sdny) suonipuoy) pue swa ], ay) 23S [$70z/20/#0] uo Kreiqry auruQ £[Im ‘A TALAIHS 4O ALISYAAINN £4 €£00L2ds[/2001°01/10p/wod Kajim K.



the degenerating IVD and a human ex vivo IVD tissue model em-
ploying NP tissue from moderately degenerated IVDs. Under the
presented study design NC-EVs did not elicit detectable matrix an-
abolic effects nor did they rescue the IL-1f-induced pro-catabolic
phenotype of the models. The effects on cytokines and chemok-
ines involved in the catabolic cycle of IVD degeneration were
subtle and limited to IL-6, CXCL1, and CCL2 in human explants.
In light of the distinct reported effects NC-conditioned media, im-
plementation of the technical EV-depleted controls is essential in
further studies to robustly demonstrate that effects observed are
EV-associated and not related to co-isolated factors. Whether these
subtle modulations are sufficient to eventually modulate matrix
turnover requires longer duration studies considering the low met-
abolic rates of NP cells. As an addition to the biological data pre-
sented in these studies, unraveling the yet unknown mechanisms
of action of NC-EVs driven by EV-cargo (e.g., proteins, lipids, and
nucleic acids) is needed to instruct further development of cell-free
therapeutic approaches through intra-discal application.
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