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Resolution of intervertebral disc (IVD) degeneration-associated inflammation is a prerequisite for tissue re-
generation and could possibly be achieved by strategies ranging from pharmacological to cell-based therapies.
In this study, a proinflammatory disc organ culture model was established. Bovine caudal disc punches were
needle punctured and additionally stimulated with lipopolysaccharide (10 pg/mL) or interleukin-1§ (IL-1B, 10—
100 ng/mL) for 48 h. Two intradiscal therapeutic approaches were tested: (i) a nonsteroidal anti-inflammatory
drug, diclofenac (Df) and (ii) human mesenchymal stem/stromal cells (MSCs) embedded in an albumin/
hyaluronan hydrogel. IL-1B-treated disc organ cultures showed a statistically significant upregulation of
proinflammatory markers (IL-6, IL-8, prostaglandin E, [PGE,]) and metalloproteases (MMP1, MMP3) ex-
pression, while extracellular matrix (ECM) proteins (collagen II, aggrecan) were significantly downregulated.
The injection of the anti-inflammatory drug, Df, was able to reduce the levels of proinflammatory cytokines and
MMPs and surprisingly increase ECM protein levels. These results point the intradiscal application of anti-
inflammatory drugs as promising therapeutics for disc degeneration. In parallel, the immunomodulatory role of
MSC:s on this model was also evaluated. Although a slight downregulation of /L-6 and IL-8 expression could be
found, the variability among the five donors tested was high, suggesting that the beneficial effect of these cells
on disc degeneration needs to be further evaluated. The proinflammatory/degenerative IVD organ culture model
established can be considered a suitable approach for testing novel therapeutic drugs, thus reducing the number
of animals in in vivo experimentation. Moreover, this model can be used to address the cellular and molecular
mechanisms that regulate inflammation in the IVD and their implications in tissue degeneration.

Introduction

DEGENERATION OF INTERVERTEBRAL DIsC (IVD) is an
age-related progressive process considered to be the
major cause of spine disorders.' The current treatments
namely conservative (exercise, oral medication, physical
therapy), surgical (discectomy, spinal fusion, disc replace-
ment by mechanical prostheses), or analgesic (intradiscal
injection of steroids or glucocorticoids) are transient solu-
tions, often leading to restrained patient mobility or adjacent
disc degeneration.”®

The degenerated IVD is characterized by cell death and
changes in matrix composition, being the nucleus pulposus
(NP) subjected to high mechanical and osmotic pressures, se-
vere hypoxia, and limited nutrient supply.”® In this process,
increased levels of nitric oxide and prostaglandin E, (PGE,),
as well as upregulation of metalloproteases (MMPs) and a wide
number of inflammatory mediators (e.g., tumor necrosis factor-
o [TNF-a], interleukin-1f [IL-1PB], IL-6), have also been
observed.*”'%"3 Ultimately, structural damage of the outer
annulus provides an opportunity for blood vessels and nerves to
invade the disc and cause pain.'®"!
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The high impact on population health and the lack of ad-
equate solutions in the clinics stimulate the development of
novel IVD biological therapies,'> with the goal to promote
IVD regeneration and/or control inflammation-associated
pain.®'®!” However, the question of how inflammation can
be related with IVD degeneration is still controversial and
has been described differently from in vitro experiments to
in vivo animal models.'®

Nevertheless, there is a lack of adequate models to study
inflammation within IVD degeneration. IVD cells in vitro
lose their ability to produce IVD native extracellular matrix
(ECM)." In vivo models of disc injury by puncture alone
(Punct) or NP digestion do not mimic the natural process of
human IVD degeneration.m’21 Thus, ex vivo organ culture
models using disc explants from different species have been
established for studying disc degeneration in a more phys-
iologically relevant environment.>' Explant cultures of bo-
vine discs have the advantage of easy availability and they
are assumed to be suitable ex vivo models for studying
therapies of disc degeneration as they allow well-controlled
environmental conditions®'** and show high similarities
with human samples regarding the induction of a degener-
ative environment.

The aim of the present study was to establish a bovine
organ culture model in a proinflammatory environment.

The control of inflammation by intradiscal injection of a
nonsteroidal anti-inflammatory drug (NSAID), (diclofenac
[Df]), was then tested and used to validate this model.
NSAIDs are known as the most effective anti-inflammatory
agents in the market,”* but their systemic administration
presents drawbacks such as short biological half-life, rapid
metabolism, and high percentage of protein binding. These
characteristics lead to the use of high doses in patients,
which causes side effects in the gastrointestinal, hepator-
enal, and cardiac systems.”>® Intradiscal administration
of these drugs could overcome some of the drug systemic
side effects.

Furthermore, to analyze if mesenchymal stem/stromal
cells (MSCs)-based therapy could have an impact in the
reduction of inflammation in degenerated IVD, MSCs em-
bedded in a human serum albumin/hyaluronan (HSA-HA)
hydrogel*” were injected in the same model. MSCs have
been suggested to be an adequate cell source, being capable
of differentiating toward an NP-like phenotype in coculture
with NP cells?*>" and promoting the production of healthy
ECM in NP in vivo.>>3 However, although animal model
studies have reported that MSCs can promote IVD regen-
eration,zo’34 less is known about the possible beneficial ef-
fect of MSCs in the modulation/resolution of inflammation
in IVD. The expression of Fas ligand (FasL), a protein
found in immune-privileged sites, has been restored in the
IVD upon implantation of MSCs.*> Human MSCs were able
to downregulate the gene expression of proinflammatory
cytokines (IL-3, IL-6, IL-11, IL-15, TNF-x) and MMPs
produced by rat NP cells*® and also reduce IgG production
from human NP fragments.'* In human trials, patients re-
ferred reduction of pain,37’3 8 but the influence of MSCs on
inflammation was poorly investigated in the context of disc
degeneration. Therefore, we investigated in our organ cul-
ture approach if MSCs injection into a proinflammatory
disc environment has the capacity to control the inflamma-
tion response.

Materials and Methods
Establishment of a bovine organ culture model

Bovine IVD tissue was isolated from tails of young adult
animals (age <48 months old) from a local slaughterhouse
(in Germany by the local abattoir Ulmer Fleisch GmbH
and in Portugal with the ethical approval of the Portuguese
National Authority for Animal Health). Within 3h after
slaughter, up to six caudal discs from each specimen were
isolated by removal of skin, muscles, and ligaments. Discs
were dissected from the adjacent vertebral bodies as close
as possible to the upper and lower cartilaginous end plates
(Fig. 1A, B).39 Standardized punches (diameter of 13 mm)
were prepared from each disc with the NP in the center and
few surrounding annulus lamellae (Fig. 1C, D).

In pre-experiments, constrained and unconstrained condi-
tions were compared (Supplementary Materials and Methods;
Supplementary data are available online at www.liebertpub
.com/tec). Disc explants were cultured in six-well cell culture
plates (Nunc) (Fig. 1E) with membrane filter inserts and
0.46 MPa static loading (constrained conditions) (Fig. 1F).
Parallel cultures without the inserts and the extra weight were
used as unconstrained controls. Samples were maintained
for 6 days in the basal medium (BM): Dulbecco’s modified
Eagle’s medium (DMEM) with low glucose (Biochrom),
supplemented with 5% v/v fetal bovine serum (FBS; PAA),
1% v/v L-glutamine, 1% v/v nonessential amino acids, 1% v/v
penicillin/streptomycin (10,000 U/mL~10,000 pg/mL), 0.5%
v/v fungizone (all from Biochrom), and with the osmolarity
adjusted to IVD-physiological 400 mOsm by addition of 1.5%
v/v of a 5M NaCl/0.4 M KCI solution. Samples were incu-
bated at reduced oxygen atmosphere (37°C, 6% O, and 8.5%
CO,) and saturated humidity, as described previously.” The
culture medium was replaced every second day.

To compare constrained and unconstrained conditions,
macroscopic parameters of disc punches were determined
by measurement of disc height, diameter, and wet weight
after 14 days of culture in BM. Biochemical characteriza-
tion was performed by quantification of glycosaminogly-
cans (GAG) release over a culture period of 5 weeks. In
addition, alcian blue staining of IVD sections was performed
at different time points. For all the following experiments,
constrained conditions were used.

Simulation of proinflammatory environment

For simulation of the proinflammatory/degenerative envi-
ronment, after 6 days of culture in BM, IVD organ cultures
were injured by needle Punct*® or also stimulated with proin-
flammatory factors: lipopolysaccharide (LPS)*"** or IL-
1B.**** Briefly, samples were punctured with a sterile 21G
needle; discs were oriented with sterile forceps, while the
needle was inserted laterally throughout the remaining annulus
fibrosus into the NP and rotated clockwise for 30 s. Discs were
cultured in BM supplemented with bacterial (Escherichia coli)
LPS (10 pg/mL; Sigma-Aldrich) or recombinant human IL-13
(10 or 100ng/mL; R&D Systems) according to Figure 1G.
Nonpunctured untreated discs (only cultured in BM) were used
as controls. Tissue samples were collected after 48 h of proin-
flammatory treatment for cell viability and gene expression
analysis. The metabolic activity analysis and PGE, quantifi-
cation were performed in culture supernatants.
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FIG. 1. Organ culture
preparation. (A) Bovine tail
segment with intervertebral
disc (IVD; arrows). (B) IVD
isolation. (C) IVD punch
(diameter of 13 mm). (D)
Collection of the nucleus
pulposus with few surround-
ing annulus fibrosus. (E) G
Design of the organ culture
system with IVD punches
cultured in a six-well tissue
culture plate. (F) 49N

weight placed on top of the

plate with inserts to prevent
punches from swelling over

time in culture and generat-
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Evaluation of Df injection
in the proinflammatory IVD organ culture

Three hours after proinflammatory stimulus, discs were
treated with an injection of 500 puL of Df in solution (19 uM;
Sigma-Aldrich) using a microsyringe and a 33G needle
(Hamilton). The time point for Df treatment was selected
based on our previous work with in vitro studies of an anti-
inflammatory treatment of activated macrophages.*> Non-
manipulated samples cultured only in BM were used as
controls. The effects were evaluated 2 days later by gene ex-
pression and by PGE, production. The experimental scheme
is represented in Figure 1G.

Culture of human MSCs

Human MSCs harvested from bone marrow were ob-
tained from five different donors who underwent knee joint
surgery with informed consent and according to the rules of
the ethical commission of the University of Ulm (Ulm,
Germany). One patient was a healthy young donor for bone
marrow transplantation. MSCs phenotype was tested im-
munohistochemically by CD9, CD90, CD105, CD44, and
Stro-1 staining. In addition, the cells were confirmed to be

able to differentiate into osteogenic, chondrogenic, and
adipogenic lineages as described.*® All cells were expanded
in DMEM (Biochrom) supplemented with 10% v/v FBS
(HyClone; Thermo Scientific), 1% v/v penicillin/streptomycin
(10,000 U/mL-10,000 pg/mL; Biochrom), and 0.5% v/v
fungizone (Biochrom). Cells were seeded at a concentration
of 3000 cells/cm? and expanded in T-flasks at 37°C, under a
humidified atmosphere of 5% v/v CO, in air, with the cul-
ture medium being changed twice a week and trypsinized
when reaching 70% confluence. Experiments were performed
with MSCs in passage 2.

MSCs injection in the proinflammatory
IVD organ culture

A hydrogel of albumin—hyaluronan was selected as a
carrier system for MSCs.?”*” MSCs/HSA-HA (500 uL) with
a cell concentration of 2x10® MSCs per milliliter of hy-
drogel were injected in the IVD in culture using a double-
chamber syringe (Medmix Systems AG) and a 21G needle.
The cell-containing gel mixture was filled in the larger
chamber of a two-chamber syringe and the cross-linker in
the smaller one. The gel was polymerized in situ.
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Sample preparation for quantitative real-time reverse
transcription—polymerase chain reaction

Gene expression levels were determined by quantitative
real-time reverse transcription—polymerase chain reaction
(qRT-PCR) performed in triplicate on cDNA derived from
disc samples. NP samples were digested enzymatically, cell
pellets were recovered, and total RNA was isolated, quan-
tified, and transcribed into cDNA.

Briefly, each tissue sample was dissected into 2-3 mm?
fragments and enzymatically digested for 2h in 0.8 mg/mL
collagenase type I (Sigma-Aldrich) in DMEM, under agi-
tation (50 rpm), and reduced oxygen atmosphere (37°C, 6%
O, and 8.5% CO,) and saturated humidity. Supernatant was
passed through a 40-um filter (BD Falcon) to remove tissue
debris. Cells were collected by centrifugation at 400 g for
7min. Total RNA was extracted from disc punch cells,
using ReliaPrep RNA Cell Miniprep System (Promega),
according to manufacturer’s instructions. RNA was quanti-
fied using a NanoQuant spectrophotometer (Infinite M200;
Tecan). Quality was checked by means of an RNA ratio,
pooled from two disc samples for each condition. Of each
RNA pool, 2 pg was reverse transcribed into cDNA using
the Omniscript RT Kit (Qiagen) completed with oligo-
deoxythymidine primers (5 pM), random hexamer primers
(50 uM), and RNase inhibitor (10 U) in a total volume of
20 pL. The obtained cDNA was diluted at a ratio of 1:4 in
RNase-free water (Qiagen) and used for qRT-PCR.

Quantitative real-time reverse
transcription—polymerase chain reaction

Specific primer pairs were designed using published gene
sequences (PubMed, NCBI Entrez Nucleotide Database) and
Primer 3 software*® for bovine 1L-6, IL-8, MMPI, MMP3,
collagen II (Coll II), aggrecan (Agg), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (Table 1) and synthe-
sized by Thermo Fisher Scientific. The analysis was carried
out using SYBR® Green method. Reactions were conducted
on StepOnePlus Real-Time PCR System (Applied Biosys-
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tems), in triplicate, in PCR 96-well TW-MT-Plates (Biozym
Scientific), under standard conditions. Reaction mixes con-
tained 12.5 pLL of Platinum SYBR Green qPCR SuperMix-
UDG (Invitrogen) master mix, 0.25uL of ROX Reference
Dye (Invitrogen), 1pL (0.4puM) of forward primer, 1pL
(0.4 uM) of reverse primer, 8.25 uL of RNase-free water, and
2 uL. of cDNA. For the analysis of the mRNA expression,
cloned amplification products were provided and used as
standards for qRT-PCR. Statistical analysis was performed
on AC; values according to a modified method described by
MacLean et al.*® Fold changes in gene expression were
presented as 27 @Ver3e°AACY The ayerage Ct value of each
triplicate measurement of each sample was normalized to
the house-keeping gene GAPDH in each sample [ACt=
Ct(gene of interest) — Ct(GAPDH)]' The ACt of each stimulated
sample was related to the respective ACt of each control
sample. Normalized values of samples collected at the end
of the experiments were compared with the control and
between the different experimental groups.

Statistical analysis

Since the data follow a nonparametric distribution, for
qRT-PCR, Mann—-Whitney and Kruskal-Wallis tests were
used to compare two or several groups, respectively. Sta-
tistical analysis was performed using GraphPad Prism vs.
6.0 for Windows (vs. 6.01), with values of p<0.05 con-
sidered significant.

Results

Cell viability and metabolic activity in a bovine IVD
organ culture model in proinflammatory conditions

Disc punches were prepared as described and cultured at
5mM glucose, 400 mOsm, 8.5% CO,, and 6% O, under con-
strained conditions. Discs were constrained with membrane
inserts posed on top of each disc punch covered by a weight on
the top of the culture plate (simulating 0.5 MPa static loading,
which corresponds to physiological loads during the standing

TABLE 1. BOVINE OLIGONUCLEOTIDE PRIMERS

Gene Sequence (forward and reverse primer) Product length (bp)  NCBI reference sequence

GAPDH 5’-ACC CAG AAG ACT GTG GAT GG-3’ 178 XM_001252511
5’-CAA CAG ACA CGT TGG GAG TG-3’

IL-6 5’-ACC CCA GGC AGA CTA CTT CT-3’ 183 EU276071
5’-GCA TCC GTC CTT TTC CTC CA-3

IL-8 5’-ATT CCA CAC CTT TCC ACC CC-3’ 148 AF232704
5’-ACA ACC TTC TGC ACC CAC TT-3’

MMP1 5-ATG CTG TTT TCC AGA AAG GTG G-3’ 193 NM_174112.1
5’-TCA GGA AAC ACC TTC CAC AGA C-¥

MMP3 5’-AAT CAG TTC TGG GCC ATC AG-3’ 237 AF069642
5’-CTC TGA TTC AAC CCC TGG AA-3’

Collagen type I 5-CCT GTA GGA CCT TTG GGT CA-3’ 145 X02420
5’-ATA GCG CCG TTG TGT AGG AC-3’

Aggrecan 5’-ACA GCG CCT ACC AAG ACA AG-% 155 NM_173981

5’-ACG ATG CCT TTT ACC ACG AC-3’

Bovine oligonucleotide primers used for qRT-PCR.

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL, interleukin; MMP, metalloprotease; qRT-PCR, quantitative real-time reverse

transcription—polymerase chain reaction.
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phase®®) and allowed the prevention of disc swelling and tissue
deformation (Supplementary Results) that occurred without
end plates (Supplementary Fig. S1). In these conditions, tissue
GAG slightly decrease (Supplementary Fig. S2).

To induce a degenerative and proinflammatory environ-
ment, cultures were stimulated at day 6 after isolation with
Punct or puncture with supplements: LPS, 10 or 100 ng/mL
IL-1B (IL-1PB 10 or IL-1B 100, respectively). A microscopic
evaluation of cell viability by LIVE/DEAD assay showed
that cells remained viable at day 8 of culture, with no ap-
parent differences between the tested conditions, indicating
that neither the low oxygen tension nor the puncture and
proinflammatory stimulus leads to a significant loss of cell
viability (Fig. 2A). In addition, glucose and lactic acid levels
were quantified in the collected supernatants during culture
(Fig. 2B, C). Results showed similar glucose consumption
and lactic acid production for all stimulated groups and the
control, corroborating cell viability results.

Analysis of proinflammatory markers, MMPs,
and ECM proteins of the proinflammatory
IVD organ culture model

PGE, production was quantified in culture supernatants
over time. No statistically significant differences were found
between time points during culture in BM. After 2 days of
stimulation with different conditions (day 8), PGE, production
significantly increased for all the groups tested, in comparison
to the control (Fig. 3A). LPS group showed the highest PGE,
fold increase (11.5%1.2-fold, p<0.0001), while Punct pre-
sented only 1.8+ 1.2-fold (p<0.01). IL-1B 10 and IL-1B 100-

Glucose
Lactic acid
concentration (g/L)

Time (days)
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stimulated groups achieved, respectively, 3.7t1.2- and
5.8+ 1.2-fold (both with p<0.0001). Thus, IL-1f 100 in-
creased 1.6+ 0.7-fold (p <0.05) compared with IL-1f 10.

Gene expression of proinflammatory markers and MMPs
was also analyzed at day 8 of culture. IL-13 10 and IL-1§
100 groups showed statistically significant upregulation of
IL-6, IL-8, MMPI, and MMP3 expression compared with
unstimulated discs (p<0.05, Fig. 3B, C). For IL-8, IL-1p
100 was also significantly upregulated in comparison to IL-
1B 10 (p<0.05).

Concerning gene expression of ECM proteins, Coll Il and
Agg was downregulated in the presence of IL-1f (Fig. 3D).
While a statistically significant downregulation was ob-
served in Col II expression for IL-1B 10 and 100 groups,
Agg expression was only downregulated for IL-1§ 100
(p<0.05).

Since IL-1 stimulation, in addition to puncture, appears
to induce a proinflammatory/degenerated IVD environment,
with an upregulation of proinflammatory markers, as well as
a downregulation of ECM proteins, and moreover, since it is
a more physiological method to induce this inflammatory
milieu than LPS, the proinflammatory model with IL-13 was
selected for the following experiments.

Evaluation of an anti-inflammatory (Df) injection
in the proinflammatory IVD organ culture

To validate the proinflammatory IVD organ culture model,
an injection of a commonly used anti-inflammatory drug (Df)
was tested. For that, soluble Df (19 uM) was injected in the
NP, 3h after proinflammatory stimulus. The concentration

IL-16 10 IL-18 100

0.8- : : : © Control
® Punct
0.6+ LPS
0.4 IL-18 10
IL-13 100
0.2
Medium
0.0 1 exchange
0 8

4
Time (days)

FIG. 2. Cell viability and metabolic activity over the culture period of IVD punches cultured under constrained condi-
tions. (A) Representative CSLM images (z-stacks) from LIVE/DEAD cytotoxicity/viability assay acquired at day 8, after 2
days of stimulation, for the conditions tested: control, puncture alone (Punct), puncture plus culture medium supplemen-
tation with 10 pg/mL lipopolysaccharide (LPS), 10 and 100 ng/mL interleukin-1f (IL-1p 10 and IL-1f 100, respectively)
(Calcein AM stains live cells in green; ethidium homodimer-1 (EthD-1) stains dead cells in red; scale bar, 200 um). (B)
Glucose and (C) lactic acid concentration (g/L) in supernatants collected during time in culture. Results are shown as mean *
standard deviation (n=14-23). Color images available online at www.liebertpub.com/tec
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FIG. 3. Quantitative analysis of proinflammatory markers, matrix degrading enzymes, and extracellular matrix (ECM)
components in IVD organ cultures. The IVD organ cultures were stimulated with Punct, puncture plus culture medium
supplementation with 10 pg/mL LPS (LPS), 10 and 100 ng/mL IL-1 (IL-1B 10 and IL-1 100, respectively), and compared
with unstimulated control. (A) Prostaglandin E, (PGE,) concentration normalized to total protein (ng/mg) in culture
supernatants. The kinetics of PGE, production was traced by ELISA over an 8-day culture. (B) mRNA expression of /L-6,
IL-8, (C) MMP1, MMP3, and (D) collagen II (Coll II) and aggrecan (Agg). Levels of mRNA were normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH). The ratio of stimulation to control indicates the fold change of induction
after stimulation (control level = 1; dotted line). Results are presented as box and whiskers (n=12-36 for PGE, and n=4-17

for mRNA expression). *p <0.05; **p <0.01; ***¥p <0.0001 (Kruskal-Wallis test).

and time point of addition were selected based on previ-
ous work from our group with Df treatment in human
macrophages.*’

Two days after injection, PGE, production significantly
decreased in the groups supplemented by Df (IL-1f 10 + Df
and IL-1B 100 + Df, p<0.05) in comparison to the re-
spective IL-1B-stimulated group alone (IL-1f8 10 and IL-18
100, Fig. 4A). Expression of IL-6 was significantly down-
regulated, and MMP3 was slightly downregulated with Df
injection for both IL-1f concentrations (p<0.05, Fig. 4B,
C). For the higher IL-1B concentration used, /L-8 and
MMP] were significantly downregulated after Df injection
(p<0.05, Fig. 4B, C). Concerning the ECM proteins, Coll I1
did not show significant differences after Df injection. In
contrast, an upregulation of Agg was observed after Df in-
jection for both IL-1f concentrations (p <0.05, Fig. 4D).

Evaluation of MSCs injection
in the proinflammatory IVD organ culture

MSCs anti-inflammatory effect was evaluated in the IVD
proinflammatory model stimulated with IL-18 10. For this,
MSCs were injected in the IVD using a HSA-HA hydrogel as
a vehicle. Injection of either MSCs embedded in HSA-HA
(MSCs/HSA-HA) or HSA-HA alone did not alter PGE,
production (Fig. 5A). Regarding the proinflammatory cyto-
kines, there was an apparent slight downregulation of IL-6
and IL-8 expression in the MSCs/HSA-HA injection group
compared to IL-1f 10 stimulus and to the injection of HSA-

HA alone (Fig. 5B). MMPI1 and MMP3 did not appear
to have been differently expressed between injections of
MSCs/HSA-HA or HSA-HA alone, however, they seem to be
upregulated in those two groups in comparison to IL-13 10
(Fig. 5C). Gene expression of Coll II and Agg was down-
regulated at all conditions with proinflammatory stimulation
compared to the unstimulated controls, and HSA-HA scaffold
alone or combined with the MSCs further decreased matrix
protein expression (p <0.05, Fig. 5D).

Discussion

In the present study, we established a standardized bovine
organ culture system that simulates proinflammatory con-
ditions. The approach used tissue punches that allowed the
standardization of explant size. The physical culture con-
ditions in culture plates constrained by inserts and com-
pressed by a constant static loading prevented tissue
swelling and tissue deformation that usually occurs without
end plates, as reported in the literature.>*>'* Moreover, the
tissue is more easily collected using a less complex proto-
col (e.%., it does not require sawing the bone or jet la-
vage).>>* In our approach, we have used constrained
conditions in all experimental groups for standardization of
the samples (prevention of swelling), but we did not simu-
late complex loading protocols, although we are aware of
the importance of complex loading on the initiation and
progression of disc degeneration.”>>® Nevertheless, GAG
loss in these conditions was already reported to naturally



o Tissue En?_i neering Part C: Methods 2016,22:8-19.
Downloaded from online.liebertpub.com by Ucsd Libraries University of California San Diego on 02/11/16. For personal use only.

14 TEIXEIRA ET AL.

A o B .
5 W = [ 1L-18 10

= IL-1B 10 + Df

® & (I IL-1B 100
. -
2 10 wwrs > * IL-1B 100 + Df
m 1]
= =
(4] [T} *
T T
£ 5 2
*
..... 1lg
0 1= X
PGE, IL-6 IL-8
- * =
C 209, - D 20 .
* r_l
& & 1.5 [
c e } .
& m
= * £ *
o Q 4 lancusicsassnsanansnsniesedanedes
= " T
e 2 *
* @ 0.5- + $ l -
E- o e
& LT
MMP1 MMP3 Coll ll Agg

FIG. 4. Effect of diclofenac (Df) injection in IVD organ cultures. Quantitative analysis of proinflammatory markers,
matrix degrading enzymes, and ECM components in IVD organ cultures after proinflammatory stimulus with puncture plus
culture medium supplementation with 10 and 100 ng/mL IL-1f (IL-1B 10 and IL-1B 100, respectively), and treatment with
19 uM Df for 2 days (IL-1 10 + Df and IL-1B 100 + Df). (A) PGE, fold change in culture supernatants. (B) mRNA
expression of IL-6, IL-8, (C) MMP1, MMP3, and (D) Coll II and Agg. Levels of mRNA were normalized to GAPDH. The
ratio of stimulation to control indicates the fold change of induction after stimulation (control level = 1; dotted line). Results
are presented as box and whiskers (n=6-36 for PGE, and n=4-17 for mRNA expression). *p<0.05; **p<0.01;
*#*k%%p <0.0001 (Mann—Whitney test).
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FIG. 5. Effect of mesenchymal stem/stromal cells (MSCs) injection in human serum albumin/hyaluronan (HSA-HA)
hydrogel in IVD organ cultures. Quantitative analysis of proinflammatory markers, matrix degrading enzymes, and ECM
components in IVD organ cultures after proinflammatory stimulus with puncture plus culture medium supplementation with
10 ng/mL IL-1B (IL-1pB 10), and treatment with HSA-HA or MSCs/HSA-HA for 2 days. (A) PGE, fold change in culture
supernatants. (B) mRNA expression of IL-6, IL-8, (C) MMP1, MMP3, and (D) Coll Il and Agg. Levels of mRNA were
normalized to GAPDH. The ratio of stimulation to control indicates the fold change of induction after stimulation (control
level = 1; dotted line). Results are presented as box and whiskers (n=5-36 for PGE, and n=5-17 for mRNA expression).
*p<0.05; #*p<0.01; ***¥p<0.0001 (Kruskal-Wallis test).
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occur in culture.’? Although organ cultures are accepted as
more reliable models than 2D in vitro cultures, since they
constitute a step further in complexity before in vivo studies,
there also some limitations that all should be aware.
Namely, an organ culture model cannot simulate complex
interactions with adjacent tissues and can only be kept for a
limited time in culture'***7 to guarantee tissue viability.
Another limitation is the lack of vascularization and im-
mune cells. In our approach, tissue viability was assured by
controlling metabolite production/consumption levels dur-
ing culture time and the culture period was rather short.
Concerning vascularization, since mature native IVD lacks
vasculature, this limitation is of minor relevance in disc
organ culture models.

To promote a proinflammatory environment, we tested
different approaches. Some commonly methods in the lit-
erature use mechanical injury by needle puncture,”®> to
stimulate disc degeneration, or medium supplementation
with LPS.%° However, although LPS is a known stimulus of
inflammation,®®" it is not really a physiological approach.
On the contrary, IL-1p is an interesting candidate, since it is
expressed at high levels in the pathogenesis of disc dis-
ease'>%% and it has been demonstrated that exposure of
NP cells to IL-1B leads to altered mechanical function,
primarily due to loss of GAG.%*

In general, none of the conditions that induce a proin-
flammatory environment impaired cell viability or altered
glucose consumption/lactic acid production, thus, they did
not substantially alter cell metabolism in our approach. This
is in accordance with other studies that observed a cell
survival rate (after 14 days of rabbit IVD organ culture)
higher than 90% in proinflammatory conditions (LPS and
IL-1 B).60 However, Korecki et al. showed that at the needle
insertion site cell damage may occur,*® while results from
Ponnappan et al. revealed an increase in apoptosis after
IL-1p treatment.**

LPS stimulation is known to induce COX-2 expression®
and consequently generates different prostanoids, including
PGE,.®® PGE, is excessively produced in response to
proinflammatory cytokine signaling, particularly IL-1 and
TNF-0.'>%7 LPS was also shown to stimulate proin-
flammatory c(})/tokine production (IL-1p, IL-6, and IL-8) by
chondrocytes® and by murine disc cells.®” In the present
study, LPS stimulus significantly increased PGE, production
but no obvious effect was observed in other proin-
flammatory cytokines analyzed or in matrix remodeling.

In contrast, only (100 ng/mL) IL-1p-treated discs showed
a significant upregulation of proinflammatory cytokines
and MMP expression accompanied by a significant down-
regulation of ECM Eroteins, in accordance to disc degen-
eration description.***® The other study by Burke ez al.
reported that disc cells from patients with scoliosis or de-
generated IVDs respond to an exogenous proinflammatory
stimulus with an increased secretion of proinflammatory
markers IL-6, IL-8, and PGE2.41’67 Therefore, a proinflam-
matory IVD organ culture under loaded conditions, punc-
tured and stimulated with IL-13 (100 ng/mL), was selected
as the most reliable model for further studies.

An anti-inflammatory drug (Df) was injected in discs
stimulated by IL-1B and its effect on proinflammatory/
degenerative IVD was evaluated. As expected, Df injection
was able to decrease PGE, production, since Df is a COX-2
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inhibitor. However, besides this known effect, Df also
downregulated IL-6, IL-8, and MMPI expression, while
stimulating Agg synthesis, suggesting that this treatment
might not only reduce inflammation but could also delay
matrix protein degradation and/or increase ECM protein
levels. Intradiscal injection of steroids or glucocorticoids
to control inflammation in IVD has been used in clinics.
However, their influence on deregulation of matrix turnover
leading to further disc degeneration is also known.”® Df
direct injection into the IVD may have a limited clinical use
as it has a short biologic half-life and may require repeated
administrations. Therefore, a sustained delivery system that
prolongs Df release in the disc may be a promising alter-
native. In fact, Df intraperitoneal injection in a rat lumbar
disc herniation model showed a reduced analgesic effect
with time.”' Nevertheless, in a pig model of NP-induced
nerve root injury, Df reduced NP-induced nerve root dys-
function, showing good prognosis after Df treatment.”?
Nonetheless, most of these studies are focused on pain by
analysis of change in disability and pain scores and not
biological effects on matrix turnover and inflammation.”*"

In parallel, the effect of MSCs transplantation on the
proinflammatory/degenerated IVD organ culture was here
investigated. MSCs are capable to differentiate into NP-like
cells,*® increasing expression of nonspecific markers as Agg
or Coll 11,30 and were reported to induce less pain in IVD
degeneration human clinical trials.”” The cell density was
used based on the work by Serigano et al., which showed
that 10° MSCs per transplanted disc were the ideal number
of cells, since less viable cells were detected when 10° MSCs
were transplanted and more agoptotic cells were found in
107 MSCs transplanted discs.”

The vehicle used to inject MSCs was based on a HSA-HA
hydrogel. This hydrogel was shown to be adequate for
MSCs differentiation in chondrogenic lineage, in vitro,*’
and to enhance disc endogenous repair after 6 months, in an
in vivo nucleotomized sheep model.*” In vivo studies using
this hydrogel showed good integration with the host without
reporting associated inflammatory response.”””® Only low
levels of the proinflammatory cytokine IL-1 were reported
in the nucleotomized sheep model, 6 months after implan-
tation.*’ Nevertheless, the results from our model demon-
strate that this carrier by itself activates the production of
proinflammatory mediators PGE,, IL-6, and IL-8 by disc
cells, when compared to control discs. This suggests a foreign-
body-type reaction, similar to what happens with bioma-
terial recognition by immune cells. Interestingly, upon
implantation, MSCs were able to reduce this activation sta-
tus, demonstrating their immunomodulatory effects in this
model also.

The literature reports that MSCs are able to increase the
expression of the immunesuppressive ligand FasL in IVD?”
as well as downregulate gene expression of proinflammatory
cytokines (IL-3, IL-6, IL-11, IL-15, TNF-o) and MMPs
produced by rat NP cells.® Bertolo et al. also showed that
MSCs are able to reduce IgG production by human NP
fragments and slightly reduce TNF-o expression, although
no influence was observed on IL-18."* Nevertheless, in the
present study, MSCs effect on proinflammatory markers
appeared to be highly donor dependent. PGE, revealed
either an upregulation or a decrease, depending on the
donor, and only a slight downregulation of IL-6 and IL-8
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expression was observed after MSCs/HSA-HA injection.
The preliminary short-term findings at gene expression level
rather suggest impaired matrix formation and increased matrix
degradation. Although 2 days after injection appears to be an
adequate time point to address the inflammatory markers, we
cannot exclude that it may be a too early time point to analyze
matrix formation. The other aspect that we cannot exclude is
the use of human MSCs on a bovine disc organ culture, al-
though human MSCs are known by their immunomodulatory
capacity””*” and have frequently been used in animal studies
from other species, without immune suppression.®'*? In those
cases, no exacerbated immune response was observed. New
experiments with MSCs are currently in progress to clarify the
open question about the immunomodulatory role of MSCs in
the degenerated IVD.

In conclusion, we have developed and validated a re-
producible proinflammatory/degenerative organ culture
model. This model is suitable to investigate inflammation-
associated mechanisms and other possible pathways that
cause disc degeneration. Moreover, this ex vivo model could
be used to assess cytotoxic effects of novel pharmaceutical
strategies for IVD before animal experimentation. Particu-
larly, Df intradiscal injection seems to be a promising ap-
proach to control inflammation while delaying and/or
decreasing matrix protein degradation. Regarding the suit-
ability of MSCs injection to modulate the inflammatory
response in the degenerated disc, although this approach
could be tested in the model developed, our findings were
not uniform among different MSCs donors, suggesting that
MSCs-based therapy with regard to controlling the inflam-
matory response in the IVD requires further investigation.
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