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Abstract

Background: Repopulating the degenerated intervertebral disc (IVD) with tissue-spe-

cific nucleus pulposus cells (NPCs) has already been shown to promote regeneration

in various species. Yet the applicability of NPCs as cell-based therapy has been ham-

pered by the low cell numbers that can be extracted from donor IVDs and their

potentially limited regenerative capacity due to their degenerated phenotype. To

optimize the expansion conditions, we investigated the effects of increasing culture

medium osmolarity during expansion on the phenotype of dog NPCs and their ability

to produce a healthy extracellular matrix (ECM) in a 3D culture model.

Methods: Dog NPCs were expanded in expansion medium with a standard osmolar-

ity of 300 mOsm/L or adjusted to 400 or 500 mOsm/L in both normoxic and hypoxic

conditions. Following expansion, NPCs were cultured in a 3D culture model in chon-

drogenic culture medium with a standard osmolarity. Read-out parameters included

cell proliferaton rate, morphology, phenotype and healthy ECM production.

Results: Increasing the expansion medium osmolarity from 300 to 500 mOsm/L

resulted in NPCs with a more rounded morphology and a lower cell proliferation rate

accompanied by the expression of several healthy NPC and progenitor markers at

gene (KRT18, ACAN, COL2, CD73, CD90) and protein (ACAN, PAX1, CD24, TEK,

CD73) level. The NPCs expanded at 500 mOsm/L were able to retain most of their

phenotypic markers and produce healthy ECM during 3D culture independent of the

oxygen level used during expansion.

Conclusions: Altogether, our findings show that increasing medium osmolarity during

expansion results in an NPC population with improved phenotype, which could

enhance the potential of cell-based therapies for IVD regeneration.
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1 | INTRODUCTION

Lower back pain (LBP) is a major health and socioeconomic problem

worldwide with more than 80% of the human population experiencing

LBP at least once in their life.1,2 Degeneration of the intervertebral

disc (IVD) is a common cause of chronic LBP.3–5 When IVD degenera-

tion has progressed to a stage where pain and loss of function can no

longer be managed by conservative means, surgery remains a last-

resort treatment. Therefore, new innovative treatment strategies that

promote regeneration of the mild to moderately degenerate IVD are

urgently needed.

The IVD is the largest avascular organ in the body with a low partial

pressure of oxygen (pO2) varying from 5% to 1% O2 in the core of the

IVD, the nucleus pulposus (NP).6,7 The extracellular matrix (ECM) of the

healthy NP is highly hydrated and mainly composed of proteoglycans

intermixed with collagen type II.8 Cations, which are attracted to the neg-

atively charged proteoglycans, create a strong osmotic gradient that

draws water molecules into the healthy NP.8 This osmotic gradient in a

confined space, where tissue swelling is prevented, causes a high intradis-

cal pressure enabling the NP to function as a hydraulic cushion. It is in the

NP that the first signs of tissue degeneration are encountered.9 As the

IVD degenerates, the NP glycosaminoglycan (GAG) content gradually

decreases, which causes a drop in osmolarity, resulting in a decreased

water content of the NP. Furthermore, the flexible collagen type II is

replaced by the more rigid collagen type I.10 As a result, the IVD fails to

fulfill its biomechanical role and further deteriorates by subsequent physi-

ological loading.11,12

Previous in vivo studies showed that the synthesis of healthy NP

ECM can be stimulated by growth factors that are injected into the

IVD and/or gene therapy.13,14 However, stimulation of the remaining

NP cell (NPC) population is often insufficient to achieve regeneration

because of the loss of viable cells and the shift to a degenerated phe-

notype.8,15–17 Therefore, repopulating the degenerated NP using cell-

based therapies is considered a promising approach for biologically

restoring the IVD. To date, several different cell sources are investi-

gated for NP regeneration (reviewed in Williams et al.18). Clinical trials

that have employed allogeneic mesenchymal stromal cells (MSCs)

have reported clinical improvement in pain and function, but there is

no clear evidence for regeneration of the diseased IVD.19,20 MSCs

have been shown to exert immunosuppressive effects and secrete

trophic/growth factors that support regenerative processes,21,22 but

do not seem to thrive in the harsh NP environment.23

A more logical approach for sustained clinical improvement would

be to use NPCs, which are already adapted to the hostile NP environ-

ment. Repopulating the degenerated IVD with NPCs has already been

shown to promote regeneration in various species.24–28 Next to that,

recent work has detected a population of TEK receptor tyrosine kinase

(TEK; also known as TIE2) + NP progenitor cells with regenerative

potential which decreases with age and degeneration of the IVD.29,30

Even in the degenerated IVD progenitor, cells seem to be present in the

NP forming cell clusters which express i.a. cytokeratin-8 and 19,

and cluster of differentiation (CD) cell surface markers typical of stem

cells which could be indicative of an attempted repair response.31 Yet

the applicability of NPCs as a cell-based therapy for LBP has been ham-

pered by i.a. the low cell numbers that can be extracted from donor

IVDs, and thus, extensive in vitro expansion of NPCs is needed to

achieve cell numbers that are required for allogeneic cell transplanta-

tion. However, primary cells are prone to de-differentiate during in vitro

expansion lacking tissue-specific stimuli.10 For NPCs, it is known that

their specific morphology and phenotype are not maintained in two-

dimensional (monolayer) expansion culture, becoming more fibroblast-

like.32 NPCs are known to lose SOX9 and collagen type II expression

already during the first passage.33 Furthermore, the fraction of TEK+

cells was rapidly lost in monolayer cultures, and low oxygen levels (2%

O2) and supplementation with basic fibroblast growth factor (FGF-2)

could only partly prevent this.34 Furthermore, the regenerative capacity

of NPCs obtained from herniated and/or degenerated IVDs could be

limited unless their degenerated phenotype is reversed. A promising

strategy to optimize NPC expansion is to focus on physiological stimuli

that influence the NPC phenotype and matrix-producing capacity

in vitro. The native IVD is a hostile environment, characterized by low

oxygen tension, low nutrition, high osmolarity, low pH, and exists under

dynamic load.35,36 Yet the majority of in vitro studies are performed in

nutrient-rich culture media, at neutral pH (7.4), low osmolality

(�350 mOsm/L), and under static culture conditions at 21% O2.
10

Recent work showed that increasing the medium osmolarity during

expansion, but not during 3D re-differentiation culture, exerted benefi-

cial effects on the regenerative capacity of NPCs of three human

donors in vitro by improving GAG and collagen type II deposition after

hydrogel culture.37 To date, this has not been tested on dog NPCs, even

though dogs are considered a clinically relevant model for IVD regener-

ation.38 Similar to humans, they suffer from LBP due to IVD degenera-

tion, show similar pathophysiological processes, and are used for

preclinical testing of cell-based therapies to repair the degenerated IVD,

and are an important target for veterinary medicine.38,39 To further

understand to what extent the NPC phenotype is modified by adjusting

medium osmolarity conditions during expansion, we investigated the

effect of increasing expansion medium osmolarity on the phenotype of

dog NPCs and their ability to proliferate and produce healthy ECM in a

3D culture model.

2 | METHODS

2.1 | Experimental setup

The objective of the study was to determine the effect of increasing

expansion medium osmolarity from 300 mOsm/L, considered the

standard culture medium osmolarity, to hyperosmolar conditions of

400 and 500 mOsm/L during expansion on dog NPCs isolated from

mildly to moderately degenerate IVDs. Besides expanding the NPCs

in the standardly used oxygen level (normoxia; 21% O2), this was also

performed in hypoxia (5% O2). Five percent O2 levels mimic better the

in vivo situation of the IVD and are considered as such physioxic for

the NP and are reported to better preserve the NPCs' regenerative

potential in humans.40 To assess how the expanded NPCs responded
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when placed back in osmolarity levels similar to a degenerated disc, a

3D microaggregate culture model was used with a chondrogenic cul-

ture medium of 300 mOsm/L (Figure 1A). NPCs were analyzed for

changes in cell phenotype and healthy ECM production capacity by

determining cell proliferation rate and morphology, and the gene and

protein expression levels of key NPC, progenitor, and ECM-associated

markers.

2.2 | Isolation of NPCs

Complete dog spines were collected from Beagles euthanized in unre-

lated ethically approved research studies (Table 1). Beagles are chondro-

dystrophic dogs in which notochordal cells (NCs) are lost and replaced by

NPCs between 3 and 12 months of age comparable to humans in which

we also see a complete loss of NCs before adulthood has reached.42 As

F IGURE 1 Expansion in 500 mOsm/L results in polygonal nucleus pulposus cells (NPCs) with a lower cell proliferation rate. (A) Experimental
design. (B) Population doubling time of the NPCs during Passage 1 to 2 and 2 to 3 when expanded in normoxia (NX: 21% O2) and hypoxia (HX:
5% O2) in the different media osmolarities (lines indicate the mean ± SD). The black symbols represent female donors and white symbols male
donors. *p < 0.05 corrected for multiple testing. (C) Representative brightfield images of NPC morphology at Day 3 of expansion in both NX and
HX conditions in the different media osmolarities
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the role of sex in IVD degeneration has not been consistently studied to

date, NPCs of an equal amount of male and female donors were included

in this study. IVDs were opened under sterile conditions and NP tissue

was collected by precise separation from the annulus fibrosus and end-

plates. The NP tissue was enzymatically digested with 0.15% pronase

(11 459 643 001, Roche Diagnostics) for 45 min and 0.15% collagenase

type II (4176, Worthington) for 16 h at 37�C.23 After digestion, the NPCs

were cryopreserved at �196�C until further use.

2.3 | Cell culture

Cryopreserved P0 NPCs were expanded in medium containing

hgDMEM+Glutamax (31966, Invitrogen) with 10% fetal bovine serum

(FBS) (16000–044, Life Technologies), 1% penicillin/streptomycin (P/S,

P11-010, PAA Laboratories), 0.1 mM ascorbic acid 2-phosphate (Asap,

A8960, Sigma-Aldrich), and 1 ng/ml bFGF (PHP105, AbD Serotec) at stan-

dard osmolarity (300 mOsm/L23) or adjusted to 400 using 1% 5 M NaCl

(6404; Merck) and 1% 0.4 M KCl (P4505; Sigma-Aldrich) or to

500 mOsm/L using 2% 5 M NaCl and 2% 0.4 M KCl.43 The final medium

osmolarity was checked with the Gonotec Osmomat 030. The NPCs were

expanded in normoxic (21% O2) or hypoxic (5% O2) conditions and pas-

saged when�80% confluency was reached. Following two expansion pas-

sages, a 3D microaggregate culture system was used, since culturing IVD

cells in a 3D environment is known to maintain the phenotype better than

2D cultures.44 For each expansion condition, 35 000 NPCs were plated in

low-adherence cell-repellent surface 96-well plates (650 970, CELLSTAR

Greiner Bio-One) in 50 μl basal culture medium: hgDMEM + Glutamax,

1% P/S, 1% Insulin-Transferrin-Selenium (ITS) + premix (354352, Corning

Life Sciences), 0.04 mg/ml L-proline (P5607, Sigma-Aldrich), 0.1 mM Asap,

1.25 mg/ml, and 10 ng/ml human recombinant TGF-β1 (240-B, R&D Sys-

tems, Inc.).45 TGF-β1 was used during the 3D culture since it is known to

promote and maintain the differentiation status of chondrogenic cells.46,47

The 3D culture was performed at an osmolarity of 300 mOsm/L, mimick-

ing the degenerate IVD10 and in hypoxic conditions.

2.4 | Cell morphology and cell proliferation rate

To assess NPC morphology, brightfield images were taken on Day 3 of

expansion. Doubling times within each passage were calculated from the

trend line of the exponential growth phase using the equation: T = ln2/

k, where k is the growth constant and T is the doubling time in days.

2.5 | Gene expression profiling

Gene expression analysis for monolayer expansion cultures was per-

formed after two passages in the different medium osmolarities using

500 000 cells per donor (n = 6) and on Day 3 of the 3D microaggregate

culture, using a pool of five NPC microaggregates per donor (n = 6) and

per condition. Cells from monolayer expansion cultures were collected

directly into RLT buffer (79216, Qiagen) with 1% β-mercaptoethanol,

while the 3D microaggregates were frozen in liquid nitrogen and crushed

using pestles (P9951-901, Argos Technologies) before the addition of

the lysis buffer. RNA from monolayers was extracted with the RNeasy

Mini Kit according to the manufacturer's instructions, whereas for the

microaggregated the RNeasy Micro Kit (74004, Qiagen) was used. A

DNase (RNAse-Free DNase Set, 79254, Qiagen) step was included to

ensure DNA removal. cDNA was synthesized using the iScript cDNA

Synthesis Kit (170-8891, Bio-Rad) according to the manufacturer's

instructions. Primers were designed with PerlPrimer and M-fold was

used to check for secondary structure formation.46 Primer specificity

and uniqueness were tested by BLAST.47 Annealing temperatures were

established by performing a temperature gradient PCR on a 16-fold dilu-

tion series. Four reference genes were used to normalize the expression

of the target genes (Table 2).

RT-qPCR was performed using the iQTM SYBR Green Supermix

Kit (Bio-Rad) and the CFX384 Touch Real-Time PCR Detection Sys-

tem (Bio-Rad) (40 cycles; denaturation 95�C, annealing temp (Table 2),

extension 65�C). Relative quantification was calculated using the

efficiency-corrected ΔΔCT method. For each target gene, the CT-

value was normalized to the mean CT-value of the reference genes

using the following formula: ΔCT = CT target – CT mean ref. As calibrator,

the universal ΔCT-value of all expansion or 3D culture samples was

used. Thereafter, the E�ΔΔCT-value for the test and calibrator sample

was calculated. In this formula, E indicates the amplification efficiency

(between 95% and 105%) of the target gene.48

2.6 | Histological analysis

To determine the protein levels of key NPC and progenitor markers

after monolayer expansion, cells were seeded at 10 000 cells per well in

chamber slides (Millipore, PEZGS0816). After two expansion passages

in the different media osmolarities (300, 400, and 500 mOsm/L) and

oxygen levels (21% and 5% O2), the cells were fixed in 4% neutral buff-

ered formaldehyde for 10 minutes. Immunofluorescent (IF) staining was

performed for NPC markers PAX1, ACAN, and CD24 and progenitor

markers TEK and CD73. For this, the slides were first incubated with

3% BSA in 0.1% Triton-X 100 (37240, Serva) for 1 h to permeabilize

the cells and block unspecific binding sites. After two washing steps

with PBS, the slides were incubated overnight at 4�C with the primary

antibodies (Table 3) diluted in 1% BSA in PBS. After washing with PBS,

TABLE 1 Donor details

Number Age (years) Gender Breed

1 5 Female Beagle

2 5 Female Beagle

3 5 Female Beagle

4 5 Male Beagle

5 5 Male Beagle

6 5 Male Beagle

Note: IVDs of beagles >12 months are typically considered to have

Thompson grade II–III degeneration.23,41
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the slides were incubated for 1 h with the appropriate secondary anti-

body diluted in 1% BSA in PBS in the dark. Thereafter, the slides were

washed and nuclear counterstaining was performed with DAPI Solution

(62248, Thermo Fisher Scientific) for 5 min. Slides were imaged using

the LEICA TCS SP8 X. (Positive) cell numbers were manually counted in

three fields (�400 magnification) per well using Photoshop CC and the

percentage of positive cells was calculated per donor. For histological

evaluation after the 3D culture, microaggregates (n = 3 replicates per

donor and condition) on Day 14 of microaggregate culture were embed-

ded in agarose, fixed in 4% neutral buffered formaldehyde for 16 h, and,

after a graded ethanol series, embedded in paraffin. Tissue sections

(5 μm) were used to evaluate matrix deposition with Safranin O/Fast

Green staining and an immunohistochemical (IHC) staining for COL2 and

ACAN as described previously using the DAB chromogen.45 To deter-

mine the protein levels of NPC and progenitor markers, IHC staining for

PAX1, CD24, TEK, and CD73 was performed using specific antigen

retrieval steps, provided in Table 3. Rabbit (37415, Abcam) and mouse

IgG (X0931, Dako) were used as isotype controls at the same concentra-

tion as the primary antibodies. Details of the antibodies and protocols of

the IHC (first rows) and IF staining (second rows) are provided in Table 3.

2.7 | Biochemical analysis

For determining the glycosaminoglycan (GAG) and DNA content,

microaggregates (n = 3 replicates per donor and condition) were col-

lected on Day 14 of the 3D culture. The DNA and GAG content was

measured as described previously using the Qubit dsDNA High Sensi-

tivity Assay Kit (Q32851, Invitrogen) and a dimethyl methylene blue

(DMMB) assay, respectively45

2.8 | Statistical analysis

IBM SPSS statistics 25 was used for statistical analysis. The effects of

osmolarity and oxygen were analyzed separately, meaning that each

comparison included only one variable. The normality of data was

assessed using the Shapiro–Wilk's test. General linear regression

models based on analyses of variance were used for normally distrib-

uted data, whereas Kruskal–Wallis and Mann–Whitney U tests were

performed on non-normally distributed data. To correct for multiple

comparisons, all tests were followed by a Benjamini & Hochberg False

TABLE 2 Primer information for reference and target genes

Genes Forward sequence 50 ! 30 Reverse sequence 50 ! 30 Annealing temperature (�C)

RPL13 GCCGGAAGGTTGTAGTCGT GGAGGAAGGCCAGGTAATTC 61

RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 61

SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 61

TBP CTATTTCTTGGTGTGCATGAGG CCTCGGCATTCAGTCTTTTC 57

ACAN GGACACTCCTTGCAATTTGAG GTCATTCCACTCTCCCTTCTC 62

COL2A1 GCAGCAAGAGCAAGGAC TTCTGAGAGCCCTCGGT 62

COL1A1 TCCAACGAGATCGAGATCC AAGCCGAATTCCTGGTCT 61

ADAMTS5 CTACTGCACAGGGAAGAG GAACCCATTCCACAAATGTC 61

MMP13 CTGAGGAAGACTTCCAGCTT TTGGACCACTTGAGAGTTCG 65

CCND1 GCCTCGAAGATGAAGGAGAC CAGTTTGTTCACCAGGAGCA 60

BAX CCTTTTGCTTCAGGGTTTCA CTCAGCTTCTTGGTGGATGC 58

BCL-2 ATCGCCCTGTGGATGACTGAG CAGCCAGGAGAAATCAAACAGAGG 64

CASP3 CGGACTTCTTGTATGCTTACTC CACAAAGTGACTGGATGAACC 61

p27 CGGAGGGACGCCAAACAGG GTCCCGGGTCAACTCTTCGTG 68

FOXF1 GAGTTCGTCTTCTCCTTCAACAC GCTTGATGTCTTGGTAGGTGAC 58

KRT8 CCTTAGGCGGGTCTCTCGTA GGGAAGCTGGTGTCTGAGTC 63

KRT18 TTGCTACCTACCGTCGCCTGTTGG ATCTTGCGGGTGGTGGTCTTCTGG 63.5

KRT19 GCCCAGCTGAGCGATGTGC TGCTCCAGCCGTGACTTGATGT 64

CA12 CTAGAGAAATGGTCAACAACTTCC CACAGATGCCAAGAACGC 58.5

T CTGAACTCCTTACATAAGTACGAG GCTGTGATCTCCTCATTCTG 62.5

TEK CAGCTTACCAGGTGGACATTTTTG GTCCGCTGGTGCTTGAGATTTAG 58

ANG1 AATAATATGCCAGAACCCAAAAAG CCCCAGCCAATATTCACCAGAG 62

CD24 GGGACAAATCCAGCAGAAAA TACAGAGCCTGGAGCTGGTT 66

CD44 CTTCTGCAGATCCGAACACA GAGTAGAAGCCGTTGGATGG 60

CD73 CTCCAACACATTCCTTTACAC ACTCAACCTTCAAATAGCCT 61

CD105 CATCCTTCACCACCAAGAG CAGATTGCAGAAGGACGG 60

NFAT5 TTTATGTACTCAGCCAGCAGG ATACTTCTTCCTCTCCTTTCACTG 63.5
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Discovery Rate post hoc test. p Values <0.05 were considered

significant.

3 | RESULTS

3.1 | Increasing medium osmolarity affects NPC
morphology and proliferation rate

To investigate the effects of culture medium osmolarity on monolayer

expansion, NPCs from degenerated IVDs of six Beagle donors were

expanded for two passages in normoxic (21% O2) or hypoxic (5% O2)

conditions in an expansion medium with a standard osmolarity of

300 mOsm/L or adjusted to 400 or 500 mOsm/L (Figure 1A). Increas-

ing osmolarity up to 500 mOsm/L during expansion resulted in a sig-

nificant (p < 0.05) increase in population doubling time during both

expansion passages regardless of the oxygen levels (Figure 1B). Fur-

thermore, increased medium osmolarity to 400 mOsm/L significantly

increased the population doubling time in normoxia during the first

passage (Figure 1B). In NPCs expanded in 500 mOsm/L, gene expres-

sion of senescence marker p27 significantly increased compared to

300 mOsm/L only in normoxic conditions, whereas no significant dif-

ferences were detected for pro-apoptotic markers CASP3 and BAX,

and anti-apoptotic marker BCL2 (Figure S1). Expression of prolifera-

tion marker CCND1 was not detectable. In terms of morphology, dog

NPCs expanded in 300 mOsm/L, in both normoxia and hypoxia,

appeared spindle-shaped, stretched out, and flattened with long filo-

podia as commonly reported for monolayer culture of NPCs

(Figure 1C).32 In contrast, NPCs that expanded in 400 and

500 mOsm/L appeared more polygonal, with shorter filopodia

(Figure 1C).

3.2 | Hyperosmolar expansion medium improves
dog nucleus pulposus cell phenotype

We next sought to explore the effect of medium osmolarity on the

NPC phenotype during expansion via gene expression profiling fol-

lowing two passages in normoxic and hypoxic conditions. Increasing

the expansion medium osmolarity to 500 mOsm/L significantly

increased gene expression of NPC markers ACAN, COL2A1, KRT18,

and CD24 (Figure 2A) which are typically expressed in non-

degenerated IVDs,49 and progenitor markers CD73 and CD9030 in

normoxic conditions (Figure 2A); a change not seen in hypoxic condi-

tions. The expression of NPC markers KRT8, FOXF1, and progenitor

marker CD10530 remained unchanged, regardless of oxygen level

(Figure S2). In contrast to the other NPC markers, the expression of

CA12 was significantly decreased in 500 mOsm/L compared to expan-

sion in the lower osmolarities (Supp Figure 2). While gene expression

of the progenitor marker TEK30 was undetectable in all conditions, the

expression of its ligand ANG129,34 was significantly increased in the

NPCs expanded in 500 mOsm/L under normoxic conditions. No sig-

nificant differences in the expression of osmoresponsive marker

NFAT5 were detected (Figure S2).

Because gene expression levels do not always directly correlate

with protein levels,50 we complemented the analysis with

TABLE 3 Antibody and protocol details of immunohistochemistry (first rows) and immunofluorescence (second rows)

Name Host Concentration Antigen retrieval Secondary antibody

ACAN (ab3778,

Abcam)

Mouse 11.92 μg/ml Pronase + Hyaluronidase (60 min, 37�C) Brightvision Poly-HRP Anti-Mouse

(VWRKDPVM110HRP, Immunologic)

11.92 μg/ml Triton-X 100 (0.1%) (60 min, RT) Goat Anti-Mouse IgG, Alexa Fluor Plus 488

(A32723, Thermo Fisher Scientific)

CD24 (LS-C87657,

LSBio)

Mouse 1:200

(concentration

N/A)

0.01 M citrate buffer pH 6 (60 min, 70�C) Brightvision Poly-HRP Anti-Mouse

1:100 Triton-X 100 (0.1%) (60 min, RT) Goat Anti-Mouse IgG, Alexa Fluor Plus 488

CD73 (LS-B8284,

LSBio)

Rabbit 0.5 μg/ml none BrightVision Poly-HRP Anti-Rabbit

(VWRKDPVR110HRP, Immunologic)

5 μg/ml Triton-X 100 (0.1%) (60 min, RT) Donkey Anti-Rabbit IgG, Alexa Fluor 594

(A21207, Thermo Fisher Scientific)

COL2 (II-II6B3,

Developmental

Studies

Hybridoma Bank)

Mouse 0.03 μg/ml Pronase + Hyaluronidase (30 min, 37�C) Brightvision Poly-HRP Anti-Mouse

N/A

PAX1 (ab203065,

Abcam)

Rabbit 4 μg/ml 0.01 M citrate buffer pH 6 (30 min, 70�C) BrightVision Poly-HRP Anti-Rabbit

10 μg/ml Triton-X 100 (0.1%) (60 min, RT) Donkey Anti-Rabbit IgG Alexa Fluor 594

TEK (sc-324, Santa

Cruz

Biotechnology)

Rabbit 4 μg/ml 0.01 M citrate buffer pH 6 (30 min, 70�C) BrightVision Poly-HRP Anti-Rabbit

4 μg/ml Triton-X 100 (0.1%) (60 min, RT) Donkey Anti-Rabbit IgG Alexa Fluor 594
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F IGURE 2 Hyperosmolar
expansion medium improves the
phenotype of dog nucleus pulposus
cells (NPCs) independent of oxygen
level. (A) Fold changes in relative
gene expression of NPC and
progenitor markers after expansion
of two passages in both normoxic
(NX: 21% O2) and hypoxic (HX: 5%

O2) conditions in the different media
osmolarities (lines indicate the
mean + SD). The black symbols
represent female donors and white
symbols represent male donors.
*p < 0.05 corrected for multiple
testing. (B) Immunofluorescence
images and quantification for ACAN,
PAX1, CD24, TEK, and CD73 protein
levels following expansion for two
passages in the different media
osmolarities in HX (lines indicate the
mean ± SD). The black symbols
represent female donors and white
symbols represent male donors.
**p < 0.01, ***p < 0.001,
#significantly different (p < 0.05)
from expansion in HX using the same
medium osmolarity corrected for
multiple testing
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immunofluorescence for a subset of markers. In line with the gene

expression, the protein levels of NPC markers ACAN and CD24 and

progenitor marker CD73 were significantly increased when NPCs

were expanded in 500 mOsm/L compared to 300 mOsm/L in nor-

moxic conditions. In contrast, these protein levels were also increased

in hypoxic expansion conditions (Figure 2B). Furthermore, protein

levels of NPC markers PAX1 and progenitor marker TEK were also

significantly increased when NPCs were expanded in 500 mOsm/L

compared to the lower osmolarity conditions, under both normoxic

and hypoxic conditions (Figure 2B). This indicates that increased

expansion medium osmolarity exerted a beneficial effect on the dog

NPCs phenotype.

3.3 | Hyperosmolar expansion medium maintains
ECM production and deposition in 3D culture

To assess the capacity of the NPCs expanded in the different condi-

tions to produce healthy ECM, NPCs of all expansion conditions were

afterward cultured in 3D microaggregates in standard medium osmo-

larity under hypoxic conditions in the presence of chondro-permissive

medium with 10 ng/ml TGF-β1 supplementation. In this way, the

NPCs expanded in the higher osmolarities were challenged by placing

them back into the osmolarity level present in a degenerated IVD. To

investigate how the expanded NPCs responded to this change in

osmolarity, we performed RT-qPCR on Day 3 of the 3D culture.

F IGURE 3 Hyperosmolar expansion medium maintains healthy ECM production and deposition during 3D culture. (A) GAG and DNA content
of the nucleus pulposus cell (NPC) microaggregates at Day 14 of 3D culture (300 mOsm/L; 5% O2) after expansion in both normoxic (NX; 21%
O2) and hypoxic (HX; 5% O2) conditions in the different media osmolarities (300, 400, and 500 mOsm/L; lines indicate the mean ± SD). The black
symbols represent female donors and white symbols represent male donors (mean of two technical replicates). *p < 0.05, **p < 0.01, ***p < 0.001

corrected for multiple testing. (B) Safranin O/Fast Green and immunohistochemical staining for aggrecan and collagen type II of the NPC
microaggregates collected at Day 14 of 3D culture (300 mOsm/L; 5% O2) after expansion in HX conditions in the different media osmolarities
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However, no significant differences between any osmolarity condi-

tions were detected in the expression of genes involved in ECM pro-

duction and remodeling (Figure S3).

To further assess the performance of the NPC microaggregates,

they were analyzed for DNA content and their ability to produce

GAGs at Day 14 of 3D culture (Figure 3A). While the proliferation rate

during expansion was significantly lower in NPCs expanded in

500 mOsm/L conditions in both hypoxia and normoxia (Figure 1B),

the NPC microaggregates expanded in 500 mOsm/L contained a simi-

lar DNA content compared to microaggregates expanded in

300 mOsm/L (Figure 3A). Notably, the two extreme osmolarity condi-

tions showed no significant differences in GAG and DNA content,

while a significantly higher GAG and DNA content was observed com-

pared to expansion in 400 mOsm/L, an effect seen for NPCs

expanded in both oxygen levels (Figure 3A). Following 14 days in 3D

culture, in all NPC microaggregates diffuse and intense Safranin O

staining was observed, indicating proteoglycan deposition (Figure 3B).

While aggrecan immunostaining was present in all osmolarity levels, in

line with expression levels during the expansion phase (Figure 2B), the

expression was highest in NPC microaggregates expanded at

500 mOsm/L showing both intracellular and ECM staining (Figure 3B).

In all conditions, the ECM was also immunopositive for type II

collagen.

3.4 | NPCs expanded in higher osmolarity retain
the expression of healthy phenotypic markers during
3D culture

To assess whether the NPCs expanded in increased medium osmolar-

ity were able to retain the expression of healthy NPC and progenitor

markers in 3D culture at osmolarity levels comparable to the degener-

ate disc, gene and protein levels were determined for the same subset

of markers as selected for expansion. Only gene expression of progen-

itor marker CD73 appeared to be increased in NPCs that had been

expanded in both 400 and 500 mOsm/L under hypoxic conditions

(Figure S4). We next evaluated protein levels in the microaggregates

following the 14 days of 3D culture with IHC staining for PAX1,

CD24, TEK, and CD73 (Figure 4). Immunopositivity for PAX1 was only

detected in the cytoplasm (arrows) of NPCs expanded at 500 mOsm/

L. Furthermore, only the NPCs expanded in 500 mOsm/L showed

CD24 staining in the cytoplasm/cell membrane (arrows). In contrast to

F IGURE 4 Nucleus pulposus cells (NPCs) expanded in higher osmolarity retain the expression of healthy phenotypic markers during 3D
culture. Immunopositivity for PAX1, CD24, TEK, and CD73 at Day 14 in NPC microaggregates collected at Day 14 of 3D culture (300 mOsm/L;
5% O2) after expansion in hypoxic conditions in the different media osmolarities. Arrows indicate extracellular matrix, cytoplasmic/membranous
and arrow heads indicate nuclear localization of immunopositivity.
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the other osmolarity conditions, TEK was prominently detected in

both the cytoplasm/cell membrane (arrows) and nuclei (arrowheads)

of the NPCs expanded in 500 mOsm/L, while membranous staining

(arrows) of CD73 was detected in the NPCs expanded at

500 mOsm/L.

4 | DISCUSSION

The present study investigated the effects of increasing culture

medium osmolarity during expansion on the phenotype of dog NPCs

and their performance in a 3D culture model. We show that expan-

sion in culture medium osmolarity that mimics the healthy IVD envi-

ronment enhances the gene expression and protein levels of several

healthy NPC and progenitor markers at the expense of the prolifera-

tion rate. These expanded NPCs maintained healthy ECM deposition

when cultured in a 3D culture model mimicking degenerated osmolar-

ity levels. Comparable responses in terms of ECM production

reported in human NPCs expanded under hyperosmolar conditions

confirm the suitability of the dog as a clinical model for the develop-

ment of new treatments for IVD regeneration.37

4.1 | Hyperosmolar expansion conditions direct
degenerated NPCs to a more progenitor-like and
healthy phenotype

Our results suggest that expansion in hyperosmolar conditions could

direct the degenerated NPCs to a more progenitor-like and healthy

phenotype. While there is no consensus on a set of phenotypic

markers that can identify healthy NPCs, we focused on ACAN, PAX1,

and CD24 expression as known markers of a healthy human IVD

recently reviewed by Bach et al.42 Gene and protein levels of these

NPC markers were increased following expansion in 500 mOsm/L.

Given that high levels of CD24 are seen in the fetal NP,51 this sug-

gests that hyperosmolar conditions result in NPCs with a young and

healthy phenotype. Further, protein levels of progenitor markers TEK

and CD73 and gene expression of CD73 and CD90 were significantly

increased after expansion at 500 mOsm/L. TEK is identified as a

marker of the local NP progenitor cell population in several spe-

cies29,30 and CD73 and CD90 are known as MSC markers and indica-

tive of stem cell activity in the degenerated IVD.31 The increased

ACAN and COL2 gene expression after expansion also implies a posi-

tive effect of the hyperosmolar conditions in the ability to produce

healthy NP matrix production.

This study shows that during the 3D culture in hypo-osmolar con-

ditions, mimicking the levels in the degenerated IVD, the improved

NPC phenotype was maintained. Next to that, increasing the expan-

sion medium osmolarity up to 500 mOsm/L retained the ability to

produce healthy ECM of the NPCs indicated by the similar quantity of

GAG production compared to standard medium osmolarity. Unexpect-

edly, in 3D culture, a significantly decreased GAG and DNA content

were seen in NPCs expanded in 400 mOsm/L compared to 300 and

500 mOsm/L. As technical errors were excluded, further research is

needed to explain this deviant finding. Although collagen type II depo-

sition seemed similar between conditions, the increased aggrecan

immunopositivity of the NPC microaggregates expanded in the higher

osmolarity conditions indicates that the quality of the ECM was

potentially improved.52 Since the use of TGF-β1 could have masked

differences in the regenerative capacity of the NPCs after expansion

in the different conditions, this should be further investigated without

the addition of growth factors and using a culture model that better

mimics the in vivo (degenerated) IVD environment e.g. by using

hydrogels, NP tissue explants, and the addition of cytokines.10,53,54

Indeed, human NP cells cultured in several types of hydrogel in the

absence of TGF-β, showed enhanced ECM production when

expanded in hyperosmolar conditions.37 As the role of sex in IVD

degeneration has not been consistently studied to date, NPCs of an

equal amount of male and female donors were included in this study.

Our data show no significant differences between the male and

female donors indicating that NPCs of both sexes respond similar to

increasing expansion medium osmolarity. However, since this study

was performed in vitro, the effects of sex hormones55 are not taken

into account and should therefore be further investigated in in vivo

models.

4.2 | Improved NPC phenotype is accompanied
by a lower proliferation rate

Together with the beneficial effects on the NPC phenotype, the

increased medium osmolarity resulted in a significantly lower cell pro-

liferation rate during expansion. This is in line with previous work

which also reported that hyperosmotic treatment reduced bovine

NPC proliferation.56 Since NPCs within the healthy IVD also show lit-

tle evidence of cell division and are sparsely distributed as single or

occasional doublet cells in an extensive ECM, the lower proliferation

rates are not unexpected.57 Also, NPC proliferation is considered to

be associated with IVD degeneration and an attempt for a regenera-

tive response likely leads to the appearance of NPC clusters.57 To mit-

igate the effects of increased osmolarity on proliferation and obtain

sufficient cell numbers for cell-based therapies, medium osmolarity

levels can be more gradually increased, or cells could be first

expanded in standard medium osmolarity to obtain sufficient cells and

thereafter exposed to the increased medium osmolarity to improve

the NPC phenotype.

4.3 | Adjusting osmolarity during expansion
outperforms the effect of physioxia

Adjusting osmolarity during expansion seems to outperform the effect

of adjusting oxygen levels to the native NP environment, that is, phy-

sioxia. The healthy IVD environment is hypoxic with pO2 ranging from

1% to 5% O2,
6,7 while standard expansion cultures are routinely car-

ried out at higher oxygen levels of 21% O2. Therefore, we assessed
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the effects of increasing medium osmolarity under both normoxic and

hypoxic expansion conditions. The expression of senescence marker

p27 was significantly higher in normoxia compared to hypoxia in the

500 mOsm/L expansion condition (Figure S1), which could potentially

be caused by hyper-osmolarity environment-induced oxidative stress

injury.58 This was not seen in the hypoxic environment which is

reported to inhibit cell senescence.59 Although the increased gene

expression of phenotypic markers was mainly detected under nor-

moxic expansion conditions, the effects at the protein level were com-

parable for the two oxygen levels. In contrast, previous work

indicated that isolation, expansion, and culture of human NPCs at

3.5% O2 could better preserve the regenerative potential, showing

higher expression of ACAN and COL2.40 Further, the depletion of

ACAN and COL2 after isolation and expansion under normoxic condi-

tions was reported to be partially rescued by later hypoxic cultivation

in monolayers.40 Indeed, since all expanded dog NPCs were cultured

after expansion under a hypoxic 3D model to mimic pO2 in degenera-

tive discs in the present study, this could have potentially masked the

effect on gene expression levels induced by expansion in different

oxygen levels. Altogether, our results indicate that the effect of

increasing medium osmolarity during expansion dominates that of

decreasing the oxygen level.

The precise molecular mechanism by which osmolarity exerts this

effect in NPCs is still poorly understood and mechanisms by which

increases in osmolarity lead to the beneficial phenotypic changes in

the present study remain to be elucidated. However, it is known that

the nuclear factor of activated T-cells 5 (NFAT5) plays a key role in

the mammalian hypertonic stress response as evidenced by the

increase in mRNA expression of NFAT5 in several cell types in

response to hypertonicity.60–63 Work from Krouwels et al.64 and Gaj-

ghate et al.65 show that this increased NFAT5 expression is also

involved in human NPCs exposed to hyperosmolar conditions, regu-

lating the expression of tonicity-dependent water channel aquaporin

2. In this study, NFAT5 gene expression was not significantly upregu-

lated in the NPCs expanded at higher osmolarity (Figure S2) but its

transient upregulation was possibly missed at the selected time point.

Osmolarity responses in human IVD cells have also been shown to be

regulated by aquaporin channels and the Transient Receptor Potential

Cation Channel Subfamily V Member 4, regulating alterations in cell

volume.66 Thus, the further relationships between these regulatory

mechanisms and the improved phenotype of the NPCs observed in

hyperosmolar expansion conditions warrant further investigation.

5 | CONCLUSIONS

Repopulating the NP using advanced cell-based therapies is becoming

an attractive alternative for treating mild to moderate IVD degenera-

tion and preventing progression to severe IVD disease requiring inva-

sive surgery. NPCs that are already adapted to the hostile

environment of the IVD are considered potential cell candidates. Our

data show that expansion of dog NPCs in higher osmolarity promotes

gene expression and protein levels of healthy NPC and progenitor

markers. This population with improved NPC phenotype could have

the potential to exert regenerative effects when injected into degen-

erated IVDs and would therefore be beneficial for cell-based thera-

pies. Altogether, we expect that future studies on mitigating the

effects of higher osmolarity on cell proliferation rates will make NPCs

a powerful addition to the regenerative toolbox for IVD degeneration.
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