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Background: While growth factors have the potential to halt degeneration and

age on human cells is lacking. Moreover, despite the completion of clinical trials using
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Aims: The overall objective was to quantitatively assess the effect of three clinically

regeneration.

Materials and methods: Firstly, this work experimentally determined the effects of
GDF-5 concentration on the metabolic and matrix synthesis rates of human nucleus
pulposus (NP) cells. Secondly, in silico modeling was employed to predict the subse-
quent regenerative effect of different GDF-5 treatments (+ cells).

Results: This study suggests a trend of increased matrix synthesis with 0.25 and
1 mg of GDF-5. However, 2 mg of GDF-5 significantly upregulates oxygen consump-
tion. Despite this, in silico models highlight the potential of growth factors in promot-
ing matrix synthesis compared to cell-only treatments, without significantly
perturbing the nutrient microenvironment.

Discussion: This work elucidates the potential of GDF-5 on human NP cells.
Although the results did not reveal statistical differences across all doses, the variabil-
ity and response among donors is an interesting finding. It highlights the complexity
of human response to biological treatments and reinforces the need for further

human research and personalized approaches. Furthermore, this study raises a crucial
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back pain.
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1 | INTRODUCTION

Degeneration of the intervertebral disc (IVD) is widely recognized as a
major factor of chronic low back pain. While degeneration is a natural
process of aging, significant imbalance in anabolic and catabolic pro-
cesses can alter the highly specialized extracellular matrix (ECM) com-
position. As a result, stability and mechanical functionality of the IVD
are impaired and patients are more prone to catastrophic injury, such
as disc herniation. Furthermore, as sedentary lifestyles become more
prevalent, the incidence of herniations is rising among younger popu-
lations, potentially resulting in significant global social and economic
repercussions.! With current treatments aimed at managing and
relieving symptoms rather than treating the underlying etiology, the
exploration of novel biological therapeutics holds auspicious potential
to preserve the integrity and functionality of IVDs, and may even have
the capacity to potentially reverse degeneration.?

While cell-based therapies are believed to hold significant poten-
tial for regeneration, it remains challenging to identify an appropriate
cell source that will withstand the unique microenvironment of such
large avascular tissue.>® Our recent work exploring the effect of
implanted cell number predicted a very fine clinical balance between
an adequate cell dose to actually initiate repair through sufficient de
novo matrix deposition without exacerbating the human microenvi-
ronmental niche.’ Furthermore, this study elucidates an extended
timeline within which positive changes could be expected in order for
“functional change” to actually be detected, speculating that this may
explain the variable results emerging from trials and the failure of cell-
based regeneration to be adopted clinically.1°~*? This work also sug-
gests our credulousness that cells alone will be sufficient to recreate
the ECM and functionality of the large human IVD within an expe-
dited timeframe, despite the promising animal regeneration abilities
observed in preclinical studies. One potential strategy could involve
the augmentation of cellular behavior or the targeted stimulation of
cell proliferation and matrix production. For example, the incorpora-
tion of growth factors into the nucleus pulposus (NP) can act as a
potent anabolic agent to stimulate higher levels of glycosaminoglycan
(GAG) production, a key ECM component for increased nuclear swell-

ing pressure and functionality of the overall IVD.*®

question about whether these potential biologics are more regenerative in nature or
better suited as prophylactic therapies for younger patient groups.

Conclusion: Biological agents exhibit unique characteristics and features, demanding
tailored development strategies and individualized assessments rather than a one-
size-fits-all approach. Therefore, the journey to realizing the full potential of biological
therapies is long and costly. Nonetheless, it holds the promise of revolutionizing spi-

nal healthcare and improving the quality of life for patients suffering from discogenic

GDF5, growth factors, in silico, intervertebral disc, metabolism, regeneration

Growth factors are small glycoproteins that bind to receptors and
play a crucial role in regulating a variety of cellular behaviors (e.g., cell
proliferation, growth, migration, differentiation, and survival), all of
which are important processes in maintaining tissue homeostasis and
initiating regeneration. While their role in tissue development has
been relatively well studied and their use in tissue engineering
regimes continues to advance, there are currently only two growth
factors (bone morphogenetic proteins [BMP-2 and BMP-7]) approved
by the Food and Drug Administration (FDA) for specific orthopedic
treatments.2*"1® BMPs are divergent members of the transforming
growth factor-beta (TGF-B) superfamily. While a number of growth
factors have been investigated specifically for the treatment of IVD
degeneration, for example, BMP-2, BMP-7, TGF-f3, growth differen-
tiation factor-6 (GDF-6), fibroblast growth factor (FGF), and insulin-
(IGF-1), GDF-5 has
promise.r’~?2  Furthermore, GDF-5 (also known as BMP-14 or

like growth factor-1 shown particular
cartilage-derived morphogenetic protein-1) is the only growth factor
registered to have translated to clinical trials for the treatment of IVD
degeneration. Briefly, preclinical studies using GDF-5 have shown
reparative capacity in terms of increased disc height index (DHI) in

2324 rat,2>27 and rabbit models.?82? Improved his-

degenerative mice,
tological and magnetic resonance imaging (MRI) scoring were also
reported, with higher levels of ECM (i.e. GAG) and increased water
content, as well as lower levels of inflammatory gene expression.2>~2?

There are only four registered clinical trials (clinicaltrials.gov) eval-
uating the safety, tolerability, and preliminary effectiveness of growth
factor treatments for symptomatic degenerative disc disease. These
phase I/11 clinical trials all investigated a single injection of recombi-
nant human growth and differentiation factor-5 (rhGDF-5). Across the
four trials, three concentrations of GDF-5 were investigated (0.25,
1, and 2 mg), with more specific details presented in Table 1. It is
important to note that DePuy Spine sponsored all the trials, and even
though they were all completed by 2016, no official study results or
outcomes have been made public.2° Although the lack of published
results does not necessarily indicate that the treatment was ineffec-
tive or accompanied by serious adverse events, as has been specu-
lated and reported on recently.>3! Nonetheless, further research and

publication of the trial results are needed to determine the
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TABLE 1 Registered clinical trials investigating growth factors as an intervention for intervertebral disc degeneration (www.clinicaltrials.com).
National Clinical Trial (NCT) identifier  Intervention Concentration Study design Enrolment
NCT01158924 o Intradiscal rhGDF-5 e 1mg o Allocation: Not applicable 40

e 2mg e Intervention model: single group assignment
e Masking: none (open label)
NCT00813813 e Intradiscal rhGDF-5 e 0.25 mg e Allocation: Not applicable 32
e 1mg e Intervention model: single group assignment
e Masking: none (open label)
NCT01182337 o Intradiscal rhGDF-5 ¢ 1mg o Allocation: randomized 31
e Vehicle control e Vehicle control e Intervention model: parallel assignment
Masking: double (participant, investigator)
NCT01124006 o Intradiscal rhGDF-5 e 1mg o Allocation: randomized 24
e Water injection e 2mg ¢ Intervention model: parallel assignment
e Placebo e Masking: double (participant, investigator)

Abbreviation: rhGDF-5, recombinant human growth and differentiation factor-5.

effectiveness and safety of intradiscal rhGDF-5 treatment for IVD
degeneration.

In order to achieve functional repair through earlier stage regen-
erative strategies, biological treatments need to be characterized by
their ability to improve matrix synthesis or restore the highly special-
ized GAG-rich NP matrix.” Therefore, the overall objective of this
study was to quantitatively assess the effect of the three clinically rel-
evant concentrations of GDF-5 (0.25, 1, and 2 mg) as a therapeutic
for IVD regeneration. Firstly, this work aimed to experimentally deter-
mine the differential effects of GDF-5 concentration on human NP
spheroid viability, key metabolic rates such as oxygen consumption
rate (OCR) and lactate production rate (LPR), as well as important
GAG and collagen matrix synthesis rates (Figure 1A-C). Secondly, in
silico modeling was employed to predict the subsequent regenerative
effect of different GDF-5 treatments (alone and in combination with
cells), as shown in Figure 1D. Furthermore, this work aims to elucidate
the ensuing nutrient microenvironment as a result of growth factor
simulation and cell dose. Overall, this work aims to provide a path
toward understanding the potential of growth factor therapeutics on
human NP cells, where the availability of clinical data is incomplete.

2 | METHODS
2.1 | Cellisolation, monolayer expansion, and
spheroid culture

Human disc tissue was collected through the informed consent of
patients undergoing discectomy procedures and approved by the
Mater Misericordiae University Hospital IRB (Ref 1/378/2229) and
Trinity College Dublin (TCDFSTEMSREC/15032021/Buckley). The
study conforms with the Declaration of Helsinki, Irish and European
Union (EU) law. Under sterile conditions, tissue was weighed and
washed with phosphate buffered saline (PBS) containing 2% penicil-
lin/streptomycin (Pen-Strep) by repeated centrifugation (650 x g for
5 min) and aspiration. To confirm the absence of bacterial growth, tis-

sue was placed in a 70 mL container with serum-free Low Glucose-

Dulbecco's Modified Eagle Medium (LG-DMEM) supplemented with
2% Pen-Strep and 100 pg/mL of kanamycin sulfate (Gibco, Thermo
Fisher Scientific) and cultured overnight (37°C in a humidified atmo-
sphere with 5% CO, and 10% O,). Under sterile conditions, NP tissue
was separated from fibrous annulus fibrosus (AF) through visual
inspection and diced into smaller pieces on separate sterile petri
dishes. NP tissue was enzymatically digested for 3-4 h using 10 mL of
serum-free digestion media per gram of tissue, with an enzyme activ-
ity of 100 U/mL pronase (Millipore, Sigma) and 300 U/mL collagenase
type Il (Gibco, Thermo Fisher Scientific). Digestion was stopped when
a good proportion of single cells was observed under a hemocytome-
ter, rather than cell clusters. The remaining suspension was passed
through a cell strainer (70 um), the filtrate was centrifuged and rinsed
with PBS before determining cell yield and seeding at a cell density of
5 x 102 cells/cm?. Disc cells were expanded in LG-DMEM expansion
media (XPAN; 1000 mg/L glucose, 584 mg/L L-glutamine, 110 mg/L
sodium pyruvate) supplemented with 10% fetal bovine serum (FBS)
and 2% Pen-Strep (all Gibco, Thermo Fisher Scientific). Cells were
expanded to passage 3 (P3) with medium exchanges performed every
3 days (37°C in a humidified atmosphere with 5% CO, and 10% O,).
Human cells were isolated from a 33-year-old female, a 41-year-old
female, a 44-year-old male, and a 65-year-old male (N = 4).

NP cell spheroids were created as individual aggregates of
30 000 cells in a flat-bottomed 96-well plate, coated with a thin layer
of agarose (2% [w/v], Sigma-Aldrich) to prevent cell attachment. Each
spheroid was cultured in 200 uL of phenol-free LG-DMEM supple-
mented with 10% FBS and 2% Pen-Strep (all Gibco) for 1 week prior
to growth factor supplementation. Experimental groups consisted of a
XPAN-only (LG-DMEM supplemented with 10% FBS and 2% Pen-
Strep) control (ctr) and the three clinically investigated GDF-5
(PeproTech, Thermo Fisher Scientific) doses, consisting of XPAN sup-
plemented with 0.25, 1, and 2 mg. Doses were normalized to the
average cell population of the human NP to yield a working concen-
tration of 0.75, 3, and 6 ug per spheroid for the 0.25, 1, and 2 mg
groups, respectively. Media exchange was performed weekly, where
groups were replenished with XPAN-only or XPAN supplemented
with 0.25, 1, and 2 mg of GDF-5 (37°C in a humidified atmosphere
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FIGURE 1 (A) Human
nucleus pulposus (NP) cells were
isolated from four patients
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2 weeks under growth
differentiation factor-5 (GDF-5)
stimulation. (C) After GDF-5
stimulation, individual spheroids
underwent metabolic analysis
using a Seahorse XFe96 analyzer
and biochemical analysis.

(D) Metabolic rates for each
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computed in silico to predict the
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with 5% CO, and 10% O,). Aspirated media was retained at every
media exchange. On termination of culture (3 weeks), the spheroid-
specific media and spheroid sample were combined for biochemical

assessment.

2.2 | Experimentally determined metabolic rates
and matrix synthesis rates

Cell spheroid viability was established using a live/dead assay kit
(Invitrogen, Bioscience). Media was aspirated and spheroids were
gently rinsed with PBS before incubation for 1 h in a phenol-free
DMEM (Sigma-Aldrich) solution containing 2 uM calcein acetoxy-
methyl (AM) and 4 uM of ethidium homodimer-1 (EthD-1). Follow-
ing incubation, samples were imaged on a Leica SP8 scanning
confocal microscope (485 and 530 nm excitation and 530 and
645 nm emission for calcein and EthD-1, respectively). All images

are presented as maximum projection z-stack reconstructions

and subsequent impact on the
nutrient microenvironment.

2mg

Human L4-5 Grade Il

qualitatively analyzing cell viability. These samples were then
washed in PBS and fixed with 4% paraformaldehyde (PFA; 4°C, 1 h)
for histology.

A Seahorse XFe96 analyzer (Agilent Technologies) was used to
simultaneously measure the reduction in oxygen level, a measure of
OCR and pH level, and a measure of extracellular acidification rate
(ECAR) in the medium directly surrounding a single cell spheroid, as
described previously.” In brief, cartridge plates were hydrated and
incubated in a non-CO, incubator overnight. The next day sterile
deionized water was exchanged for extracellular flux (XF) calibrant
fluid for 45-60 min before initiating the assay. Cell spheroids were
transferred to poly-D-lysine (100 pug/mL, Sigma-Aldrich)-coated Sea-
horse 96-well spheroid microplates and allowed to stabilize for at
least 1 h prior to initiating the assay. Each well contained 175 pL of
freshly made unbuffered XF assay medium (Seahorse XF DMEM sup-
plemented with 5.5 mM glucose, 1 mM sodium pyruvate, 2 mM L-glu-
tamine, and pH adjusted to 7.4 [all Agilent Technologies]). Blank wells
(no spheroids) were prepared to remove background OCR and ECAR
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readings during analysis. Extracellular flux measurements were per-
formed three times at 20-min intervals under basal conditions.
Following Seahorse analysis, spheroids were removed from the
96-well microplate and transferred into microtubes together with
their respective culture media (pooled) and stored at —80°C until
lyophilization using a standard drying protocol (0.200 mBar, —10°C,
16-18 h). Samples were digested in a papain enzyme solution (180 uL
per spheroid) of 100 mM sodium phosphate/5 mM Na,EDTA buffer,
3.88 U/mL of papain enzyme, and 5 mM L-cysteine, pH 6.5 (all from
Sigma-Aldrich) at 60°C under constant rotation (10 rpm) for 18 h. The
cell number of each spheroid was established immediately after diges-
tion using a Quant-iT PicoGreen dsDNA kit (Lambda DNA Standard,
Thermo Fisher Scientific) and interpolated using a purpose made stan-
dard curve for DNA content versus cell number. GAG accumulation
was detected using a dimethylmethylene blue dye-binding assay
(chondroitin sulfate standard, DMMB Blyscan, Biocolor Ltd.). Total
collagen was determined by measuring the hydroxyproline content.
Samples were hydrolyzed in 12 M hydrochloric acid (HCI) (at 110°C
for 18 h) before using a chloramine-T assay with the collagen content
determined by a hydroxyproline: collagen ratio of 1:7.69.32%3 All bio-
chemical assays were read using a Synergy HT multi-detection micro-
plate reader (BioTek Instruments, Inc.). At least six technical replicates
were performed for each donor (N = 4). Each technical replicate con-
sisted of a single spheroid and is defined as an individually cultured
spheroid under the same experimental condition. In brief, metabolic
rates were calculated over the linear/plateaued region, and pH mea-
surements were converted to lactate concentration using a standard
curve created previously.34 OCR, LPR, GAG, and collagen calculations
were normalized by cell number per spheroid. As ECAR is a measure
of glycolysis, the glucose consumption rate (GCR) was estimated
based on the assumption that approximately 2 mol of lactate are pro-
duced for every mole of glucose consumed by highly glycolytic disc

cells.®®

2.3 | Histology and immunofluorescence staining
for bone morphogenetic protein receptor type 2

Individual PFA fixed spheroids were embedded in agarose (2% [w/V])
before graded dehydration in ethanol (50%-100%), clearing in xylene,
and embedding in paraffin wax (all Sigma-Aldrich). Cell spheroids were
sliced at 6 um, rehydrated, and stained with hematoxylin and eosin
(H&E), 1% (w/v) alcian blue (AB) 8GX in 0.1 M HCI (AB) to visualize
GAG deposition, and counter-stained with 0.1% (w/v) nuclear fast red
and 0.1% (w/v) picrosirius red (PSR) to visualize collagen deposition.
For immunofluorescence staining of bone morphogenetic protein
receptor type 2 (BMPR2) in monolayer, cells were seeded at a density
of 5000 cells per well in 18-well micro-well slides (Ibidi GMBH) and
allowed to attach for 24 h. Following attachment, cells were washed
with PBS and fixed in 4% PFA for 12 min. For 3D immunofluores-
cence staining of BMPR2, wax embedded XPAN ctr spheroids were
deparaffinized and rehydrated in decreasing percentages of ethanol.

Heat-induced antigen retrieval was performed in citrate stock buffer

JOR SPin1€uec MMk

at pH 6.5. For both culture conditions, 0.1% Triton X-100 was applied
for 20 min to permeabilize cell membranes, and non-specific binding
was blocked with 1% bovine serum albumin in PBS for 30 min (all
Sigma-Aldrich). The primary rabbit anti-BMPR2 antibody (PA5-99465,
Thermo Fisher Scientific) was applied overnight at 4°C at a dilution of
1:100. The secondary antibody, goat anti-rabbit 488 (ab150077,
Abcam) was applied for 1.5 h at room temperature. A concentration-
matched IgG ctr was used for all staining. Nuclei were visualized with
4/ 6-diamidino-2-phenylindole, and imaging was performed on a Leica
SP8 scanning confocal microscope. Composite max projections of 2D
wells (N = 3) and spheroids (N = 4) were used for fluorescence inten-
sity analysis using a custom CellProfiler pipeline (CellProfiler 4.2.1),
quantifying fluorescence in the cytoplasm and nucleus, with mean

fluorescence intensity (MFI) normalized by cell number.

2.4 | Insilico models to predict effects on GAG
regeneration and the nutrient microenvironment

Based on our previous work, an idealized 3D geometry for a Grade llI
human lumbar disc (L4-5) was created in SOLIDWORKS®.? A quad-
rant of the disc was modeled in silico using COMSOL Multiphysics 6.0
(COMSOL Inc., Burlington, USA). The quasi-static nutrient transport
model was governed by coupled reaction-diffusion equations depen-
dent on local concentrations as observed for bovine NP cells and com-
monly employed across the research field.2"3? The transient GAG
regeneration model was created based on the conservation of mass
for GAG theory established previously by Gu et al. for human
IVD.*%*! The rate of GAG content change is simply modeled as the
balance between GAG synthesis rate and GAG degradation rate and
within this work, GAG synthesis is assumed to remain constant as it is
calculated as the average GAG deposition rate over the 14-day exper-
imental treatment period. A brief description of each equation can be
found in Table 2, together with constants (e.g., boundary concentra-
tions) and variable input parameters in Table 3. However, a full expla-
nation of the equation coupling, computational methodology, and
degeneration grade-specific input parameters such as metabolically
active cell density and diffusion coefficients can be found in our

recent work.*®

2.5 | Statistical analysis

All experiments were replicated with cells from four different human
donors. Statistical analyses were performed using GraphPad Prism
(version 10) software, with four samples analyzed for each experimen-
tal group (N = 4). A one-way analysis of variance (ANOVA) was used
with Dunnett's post-tests to compare GDF-5 groups to the untreated
ctr. The results were displayed as mean + standard deviation. Signifi-
cance was accepted at a level of p < 0.05. Relative increase/decrease
(%) in predicted GAG and nutrient concentrations were determined by
dividing the predicted value for each condition by the donor-specific

untreated ctr.
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TABLE 2 Governing equations of the in silico nutrient transport model and glycosaminoglycan (GAG) regeneration model.
Nutrient transport model
Equations Description References
Equation (1) O2 _ Vmax(PH-4.95)C%2 02 _ i 36-38
Q°: = s Peel QO consumption rate (uM/h)
C"? =local oxygen conc. (uUM)
pH =local pH level
peen = cell density (million cells/mm?)
V max = measured metabolic rate (OCR; nmol/million cells/h)
K = Michaelis—Menten constant (uM)
Equation (2) Qe — _ Yo (e Q8 = consumption rate (uM/h) 42
= Ko+ CE Pcell .
C8““ =local glucose conc. (mM)
peen = cell density (million cells/mm?)
V max = measured metabolic rate (OCR; nmol/million cells/h)
K = Michaelis-Menten constant (uM)
GAG regeneration model
Equation Description References
Equation (3) QOGAG — Qv _ Qdes Q®AC = rate of GAG content change 40,41
Q™" = synthesis rate
Q%# = GAG degradation rate
Equation (4) QOAC = )y peell — ),cGAG QPA% = syn./deg. rate of GAG
A1 = measured GAG syn. rate (pg/cell)
peel = cell density (million cells/mm?®)
Ao = GAG deg. rate
cGAG = |ocal GAG content
Equation (5) Ao :# 2 = GAG deg. rate

Abbreviation: OCR, oxygen consumption rate.

3 | RESULTS

Figure 2A presents representative live/dead images of NP cell spher-
oids either in a ctr XPAN media or subjected to GDF-5 stimulation
(0.25, 1, and 2 mg) for 2 weeks. A high viability across all of the
groups indicated no detrimental effects of the different GDF-5 con-
centrations on cell survival. Additionally, spheroid viability was evalu-
ated qualitatively to ensure an acceptable level of cell viability to later
perform normalization of nutrient consumption and metabolite pro-
duction rates. Figure 2B shows that increasing concentrations of
GDF-5 stimulation produced a trend of elevating the OCR of human
NP cells in spheroid form. Nonetheless, only the 2 mg group (2.27
+ 1.36 nmol/million cells/h) was detected as statistically different to
the untreated ctr (0.77 £ 0.28 nmol/million cells/h; p = 0.045). Simi-
larly, in Figure 2C, there was an apparent trend in increasing LPR with
increased GDF-5 stimulation, however, no significant difference was
actually detected between groups.

Figure 3 highlights the ECM synthesis capabilities of human NP
spheroids cultured under GDF-5 stimulation. Figure 3A,B present the
GAG and collagen synthesis rates, respectively, calculated by normal-
izing to DNA content/cell number per spheroid. Total DNA, GAG, and
collagen data (per sample) is provided in Figure S1. While no statisti-
cally significant difference was detected between experimental

groups, donor-specific colors are used to highlight donor variability

7= the half-life of GAG turnover

and trends in donor-specific response across both GAG and collagen.
Averaged rates across the four donors indicate a trend of increasing
matrix synthesis with 0.25 mg and 1 mg of GDF-5 stimulation, before
a plateau at 2 mg. Furthermore, histological evaluation in Figure 3C,
highlights this trend of increased GAG (17.12 + 9.02 pg/cell/day) and
collagen (467.10 + 190.40 pg/cell/day) deposition within the 1 mg
group for representative Donor 2.

To investigate the potential reasons for the donor-dependent
response, we conducted BMPR2 staining on both monolayer and
spheroid cultures without GDF-5 stimulation (Figure S2). This analysis
aimed to determine the receptor expression levels and assess each
donor's potential responsiveness to GDF-5 treatment. In monolayer,
reduced staining of BMPR2 was observed in Donors 1 and 2, while a
stronger presence was observed in Donors 3 and 4. Quantification via
MFI revealed an increasing trend and a significant difference in the
MFI between certain groups. Donors 1 and 2 exhibited the lowest
MFI. Donor 3 showed an increase in MFI, while Donor 4 had a signifi-
cantly higher MFI compared to Donor 1 (p =0.007) and Donor
2 (p = 0.010). For spheroid staining, Donor 2 revealed a significant
reduction in BMPR2 expression compared to Donor 3 (p = 0.007),
with a strong trend in reduction in relation to Donor 4 (p = 0.059)
and a diminished though evident trend in comparison to Donor
1 (p = 0.106). Overall, Donors 3 and 4 demonstrated increased levels

of BMPR2 expression.
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TABLE 3 Constant and variable input parameters used for in silico models.

Constant or initial parameters

Grade lll effective diffusion coefficients (mm?/h) Boundary concentrations

Tissue domain Dgiucose P Een Diactate Glucose (mM) Oxygen (% O,) Lactate (mM)
NP 1.17° 481° 1.56 3.04¢ 1.48¢ 3.30°
AF Axial: 0.45° Axial: 3.08" Axial: 0.6 4.75¢ 5.92¢ 1.98¢
Radial: 0.37° Radial: 2.20° Radial: 0.50°
GAG content (ug/mg DW)
Tissue domain Metabolic rates (hmol/million cells/h) Grade Ill cell density (cells/mm3)  Grade Il Grade lll
NP Variables experimentally determined within this work (see below) 800f 537.88 285"
AF GCR: 62° 1499° 1538 106.9"
OCR: 0.8°

Variable dose-dependent parameters (NP-only)

Average * std

GDF-5 dose OCR (nmol/million cells/h) LPR (nmol/million cells/h) GAG synthesis rate (pg/cell/day)
ctr 0.77 £0.28 93.28 + 36.80 10.96 +5.24
0.25 mg 0.87 +0.42 104.30 + 52.94 13.03 +7.31
1mg 1.44 £ 0.56 150.80 + 61.39 17.12 + 9.02
2 mg 2.27 £1.36 171.40 + 65.52 13.47 + 3.36

Abbreviations: AF, annulus fibrosus; ctr, control; DW, dry weight; GAG, glycosaminoglycan; GCR, glucose consumption rate; LPR, lactate production rate;

NP, nucleus pulposus; OCR, oxygen consumption rate.

2Experimentally measured in the literature and hydration adjusted as per our previous work.*>~4”

BLiterature values for human tissue under 10% strain and temperature adjusted as described previously.

“Lactate rates derived from glucose measurements.34°:>°

43,48,49

dConcentrations at the NP- endplate (EP) interface and periannular surface were estimated based on literature, theoretical and iterative experimental

validation as detailed in our previous work.”#3
©As determined for AF cells in our previous work.”

fExperimentally measured in age and degeneration grade-specific literature and adjusted as per our previous work.*35%:52
8Grade Il human tissue, AF averaged over inner/outer and anterior/posterior region.>>
PGrade Il human tissue, AF averaged over inner/outer and anterior/posterior region.

Based on donor-specific experimentally determined human GAG
matrix synthesis rates, Figure 4 predicts the temporal effect of differ-
ent GDF-5 treatments on each of the four donors. Specifically,
Figure 4A presents the predicted GAG matrix content in the NP of a
generic Grade Il human IVD, based on each donor's unique response
to varying concentrations of GDF-5. These graphs highlight the vari-
ability between donors; with Donor 1 predicted to be relatively unre-
sponsive to all GDF-5 treatments, while 1 mg appears to be the
optimal treatment for both Donors 2 and 3. Donor 4 is predicted to
continue to degenerate from Grade Il toward Grade IV over 10 years
without treatment (ctr), while an injection of 0.25 mg slows the rate
of degeneration, it is not predicted to fully halt degradation or initiate
regeneration. Meanwhile, an injection of 1 or 2 mg is predicted to
have a positive effect, initiating regeneration through increased syn-
thesis rates. However, the recovery of the GAG matrix is not expected
to approach Grade Il levels even after 10 years.

Figure 4B illustrates the impact of GDF-5 concentration 5 years
post-treatment. The GAG levels for each treatment and donor are
normalized against their donor-specific no treatment (ctr) effect,

thereby accounting for the overall higher matrix synthesis rates

observed experimentally for Donor 3. Taking 1 mg as the optimal
treatment in the responsive patients, Donor 2 is predicted to have a
33%, Donor 3 a 35%, and Donor 4 a 21% improvement in the overall
GAG content of the NP.

Figure 5 highlights the effect of GDF-5 treatment on the nutrient
microenvironment based on experimentally measured metabolic rates.
Figure 5A presents predicted average central metabolite (glucose,
oxygen, and pH) concentrations within the NP, with color coding to
capture each donor-specific model. While an increase in GDF-5 con-
centration is predicted to cause a reduction in nutrients and pH within
the IVD, the effect does not appear to be substantial. Figure 5B pre-
sents representative glucose, oxygen, and pH distribution across a
quadrant of Donor 4 with either no treatment or a treatment of 0.25,
1, or 2 mg of GDF-5. Experimental results for Donor 4 showed the
highest OCR at 2 mg of GDF-5, while the highest LPR was observed
at 1 mg. These growth factor stimulation effects are most clearly cap-
tured in the continued reduction in oxygen from left to right across
the groups and the build-up of acidity within the pH contour plot for
the 1 mg group. Figure 5C summarizes the effect of GDF-5 on the
predicted central metabolite concentrations by normalizing the
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donor-specific ctr, with a 2 mg dose resulting in a 14% reduction in
glucose, a 24% reduction in oxygen, and a 0.8% reduction in pH value.

The data presented in Figure 6 introduces a cell therapy in addi-
tion to GDF-5 treatment (1 mg only) in a generic Grade Ill human IVD
based on the averaged experimental rates presented previously.
Figure 6A compares the temporal effect on the level of the GAG
matrix after either no treatment, unstimulated cell therapy (1, 5, and
10 million cells), the same cell doses stimulated with GDF-5, or a
GDF-5-only treatment. The models predict that 1 million unstimulated
cells are insufficient to halt degeneration, with GAG content reducing
over time, similar to no treatment. Meanwhile, 5 million unstimulated
cells, a GDF-5-only injection, or the 1 million doses stimulated are all
predicted to initiate a relatively similar level of rejuvenation of the
GAG matrix over time. However, the level of GAG deposition from
these treatment options is still lower than an injection of 10 million
unstimulated cells. Furthermore, stimulating a 5 million cell therapy
with GDF-5 is predicted to restore the GAG matrix to the levels of a
Grade Il healthy IVD over 10 years, and doubling this to 10 million
stimulated cells is predicted to reduce this time down to ~6 years.
Figure 6B summarizes the percent difference in the GAG matrix
within the NP, compared to the untreated ctr, 5 years after each
treatment. Firstly, these results emphasize that the weakest treatment
of 1 million unstimulated cells resulted in only a 4% improvement.
Secondly, intermediate treatments of 5 million unstimulated cells,
GDF-5-only injection, or 1 million stimulated cells had a 19%-28%
improvement, while 10 million unstimulated cells performed slightly
better with a 38% improvement. Lastly, 5 and 10 million GDF-
5-stimulated cells were predicted to be the superior treatments, with
a 52% and 81% improvement, respectively. Figure 6C presents the
effect of each treatment option on the central metabolite (glucose,

oxygen, and pH) concentration based on the experimentally

T T T T
ctr I0.25 mg 1mg 2mg | (p — 0.045).

GDF-5 stimulation

determined metabolic rates. The results highlight the combined effect
of increasing the cell dose and introducing growth factor stimulation
on the local nutrient microenvironment. As expected, a treatment of
10 million stimulated cells will have the most significant effect on con-
centrations, reducing glucose from 2.54 mM in the untreated case to
1.69 mM, oxygen from 1.82% O, to 1.25% O, and pH from 7.09
to 6.97. Figure 6D presents the corresponding contour plots,
highlighting the effect of 10 million cells (unstimulated and stimulated)
on the glucose, oxygen, and pH distribution compared to an untreated
and GDF-5-only ctr.

4 | DISCUSSION

Despite conventional surgical treatments remaining largely subopti-
mal, there are currently no FDA-approved regenerative therapies for
discogenic back pain. Furthermore, there have been no large-scale
randomized controlled trials that have shown clinically significant
improvement with any investigational regenerative treatment.*°
Our recent work elucidating the temporal and scale limitations of rely-
ing solely on cell-based therapy potentially helps to explain stunted
results emerging from clinical trials and advocates alternative thera-
peutic strategies to enhance the deposition of de novo GAG matrix.”
For example, growth factor therapy involves an intradiscal injection of
bioactive agents to promote ECM synthesis, prevent degeneration,
and decrease inflammation.?®2° While growth factors have been
extensively studied in animal models, to the best of our knowledge,
there is no literature reporting their progress under clinical evaluation.
Therefore, to characterize and predict their ability to rejuvenate the
IVD in terms of restoring the GAG matrix, this work aimed to quanti-

tatively assess the effect of three clinically relevant concentrations of
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FIGURE 3

(A) Glycosaminoglycan (GAG)
production rates and (B) collagen
production rates for cell
spheroids in either XPAN media
(control [ctr]) or stimulated with
three different concentrations of
growth differentiation factor-5
(GDF-5) (0.25, 1, and 2 mg)
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GDF-5 (0.25, 1, and 2 mg) on both matrix synthesis and nutrient
metabolism.

As highlighted previously, research has explored the role of sev-
eral growth factors in regulating the production of ECM by employing
disease-related biological mechanisms, such as inhibiting inflammation
and reducing the activity of degrading enzymes. However, it has been
reported that TGF-B, FGF, and IGF-1 also have the potential to trigger
undesirable blood vessel growth, actually accelerating the progression
of IVD degeneration.'® Meanwhile, there is an increasing body of evi-
dence indicating that the GDF family is central to IVD homeostatic
processes, suggesting that GDF-5 in particular maintains the structure
and function of the IVD and may be the most promising anabolic
agent for NP regeneration.?®2° GDF-5 ligands are known to prefer-
entially bind to BMP receptor (BMPR)-IB or BMPR-II transmembrane
receptors and thus regulate the downstream intracellular biochemical
processes.>*>> GDF-5 promotes the initial stages of chondrogenesis

by promoting cell adhesion, particularly in early cartilage condensa-
tion. It also enhances proliferation within the epiphyseal cartilage,
playing a crucial role in the formation of cartilage during skeletal
development and contributing to the growth and development of
skeletal elements.>®

While the current work shows a trend of increasing matrix syn-
thesis with 0.25 and 1 mg of GDF-5 stimulation, no statistically signifi-
cant differences were detected between groups for human NP cells.
However, it is important to acknowledge the large variability in matrix
synthesis observed between donors. Donor 1 appeared unresponsive
to all GDF-5 concentrations. Donor 2 was stimulated most at 1 mg,
with collagen production almost two-fold higher than the ctr. Donor
3 cells were overall notably more active, with unstimulated rates
almost twice those of other donors for both GAG and collagen. And
finally, Donor 4 was the only biological replicate to have continued

upregulation of matrix synthesis at 2 mg of GDF-5 stimulation.
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As mentioned briefly, several preclinical animal studies have implied
disc regeneration through increased disc height and water content, as
well as increased production of ECM components both in vitro and
in vivo. An in vitro study using alginate beads under GDF-5 stimula-
tion found that the ECM synthesis response in bovine NP cells was
significantly greater than AF cells and that dose dependency was only
observed in NP cells at 21 days, with an approximately 0.5-fold
increase and an approximately one-fold increase in both proteogly-
can/collagen at 100 and 200 ng/mlL, respectively.?’ A potential limita-
tion of this work, due to the costly nature of growth factors, is not
extending the culture time further or replenishing the GDF-5 supple-
mented media more frequently.

FBS contains a milieu of growth factors such as TGF-f cytokines,
hormones, vitamins, amino acids, and fatty acids, which can suffer
from batch-to-batch variability.>”° Although this work ensured to
use the same batch of FBS across groups, the intrinsic growth factors
may have enhanced the effects of GDF-5 stimulation to some extent.

For example, studies have shown that human adipose stromal cells

Time (years)

subjected to TGF-B1 and GDF-5 stimulation synergistically drive the
differentiation process.’” In support, a combination of GDF-5 and
TGF-B1 was suggested as an optimal combination for human mesen-
chymal stem cell (MSC) to NP cell induction, resulting in 3D pellets
with significantly enhanced GAG content.3> Previous work in our lab-
oratory suggests that growth factors exert differential effects on
matrix synthesis depending on the cell type when stimulating NP and
nasal chondrocyte (NCs) microtissues with the growth factors TGFp3,
GDF-5, and GDFé6. NP cells were found to be relatively insensitive to
the different growth factor types examined in isolation or in combina-
tion, whereas for NCs subjected to a combination of TGF33 + GDF-5,
a synergistic effect was observed.?” Consideration should be made in
future studies to exclude FBS or use a chemically defined culture
media.

The concentrations of GDF-5 typically used in the preclinical liter-
ature are not consistent or comparable with the high doses assessed
clinically (0.25-2 mg per disc, Table 1).2%27 Nonetheless, mice receiv-

ing 8ng of GDF-5 (in an 8 ulL intradiscal injection) showed a
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FIGURE 5 (A) Predicted donor-specific central metabolite (glucose, oxygen, and pH) concentrations within the nucleus pulposus of a Grade IlI
intervertebral disc (N = 4) either untreated or subjected to growth differentiation factor-5 (GDF-5) injection (0.25, 1, and 2 mg). (B) Predicted
glucose, oxygen, and pH distribution across a quadrant of a human intervertebral disc (Donor 4) with no treatment (control [ctr]) or with an
injection of 0.25, 1, or 2 mg of GDF-5. (C) Percent (%) reduction in central metabolite (glucose, oxygen, and pH) concentration relative to the

donor-specific ctr (N = 4).

significant increase in disc height at 2-4 weeks, and an expansion of
inner annular chondrocytes into the NP was observed.?® And a study
using an annular puncture degenerative model in rabbits showed that
a single 10 ng, 1 pg, or 100 pg dose of GDF-5 (in a 10 uL intradiscal
injection) induced repair in a dose-dependent manner. At 4 weeks,

only the 100 pg group had a statistically significant DHI, whereas at
6 weeks, both 1 and 100 ug were significantly different to the PBS
ctr. Even at 12 weeks, the DHI of 10 ng discs did not differ from that
of PBS discs, and both lower doses (10 ng and 1 ug) did not signifi-
cantly affect the histologic score of degeneration. Despite this, MRI
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unstimulated/stimulated 10 million discogenic cell injection or a GDF-5-only treatment.
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analysis at 12 weeks observed less degeneration across all GDF-5
groups (10 ng and 1 pg: p < 0.05, 100 pg: p < 0.01).2° More recent
animal studies incorporating GDF-5, focused on using a synthetic
polycation for sustained growth factor release,?® transfecting human-
induced pluripotent stem cells with GDF-5 (GDF-5-hiPSCs)?” and cre-
ating a dual delivery system of tumor necrosis factor inhibitor and
GDF-5 to reduce disc inflammation.2® While these preclinical studies
suggest potential for regeneration, further research is needed to fully
understand the mechanisms of GDF-5 in human IVD degeneration,
particularly with incomplete public reporting of clinical trials.

Significant variation exists among animal species, encompassing
differences in cell composition, including cell type and density, as well
as the scale of disc geometry and structure. While small animal models
like mice, rats, and rabbits display rapid degenerative changes, they
also retain their notochordal cells into adulthood, unlike humans, who
lose them shortly after birth, potentially affecting regenerative
potential.?°=%? Our recent work highlighted the impact of such dis-
crepancies through predicting the promising temporal capabilities of
cell therapies, together with uncompromised nutrition, in smaller ani-
mal discs.” On the contrary, for human, a fine clinical balance was pre-
dicted in terms of an adequate cell dose for sufficient GAG matrix
repair, over a prolonged number of years without exacerbating the
microenvironmental niche. As a result, there is speculation that this
could account for the variable outcomes observed in cell-based clini-
cal trials and the lack of clinical adoption of regenerative therapies
despite promising preclinical results. Like GDF-5 (BMP-14), BMP-7
has also demonstrated improved disc height and NP proteoglycan
content in multiple rabbit models.?®%* However, this is another exam-
ple of a failure to bridge the preclinical to clinical gap. A multicenter
phase I/1l trial initiated in 2010 and led by the medical technology
company Stryker was later placed on hold. This trial, which is not
listed on clinicaltrials.com, has not released results or updates.*° Fur-
ther research is necessary to quantify the effects of biological treat-
ments and predict their success in clinical settings. This can be
achieved through advanced in vitro testing adopting relevant human
cells, utilizing in silico modeling to guide clinical trial design, and reas-
sessment of the suitability of certain animal models.

This study highlights the power of using in silico modeling to
select appropriate patient-specific treatments or even prioritize treat-
ments based on predicted outcomes. For example, this work corrobo-
rates our previous models suggesting that a cell therapy of 1 million
discogenic cells is insufficient to halt degeneration;’ however, inter-
estingly, it suggests no significant benefit in stimulating these 1 million
cells with growth factor over a GDF-5-only treatment or simply
increasing the cell dose to 5 million unstimulated discogenic cells.
Such insights are particularly valuable when comparing the cost and
regulatory hurdles associated with growth factor treatment, as well as
the manufacturing/scale-up and availability of sufficient cell sources.
Additionally, this work invokes an important question on whether
these potential biological treatments are truly reparative/regenerative
or more appropriate as a form of prophylactic therapeutic to slow
down or halt further degeneration. This is reflected in a degenerative

mouse model where an injection of GDF-5 solely disrupted a further
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decrease in GAG content due to injury through 8 weeks.2* In order to
achieve a true regenerative effect, this work advocates GDF-5 stimu-
lating cell therapies of 5 or 10 million discogenic cells in order to
reduce the timeframe needed for substantial de novo GAG matrix
deposition. Nonetheless, clinical follow-up is typically from 6 months
to 3 years, and it is speculated that longer timeframes, as well as bet-
ter outcome measures, are still necessary to effectively detect these
changes.”** Although in silico modeling is a highly valuable tool, it is
not exempt from caveats and limitations. Assumptions are made
regarding the degradation rate of GAG, whereas the half-life of aggre-
can can change as a function of age or degeneration and may be an
important parameter to explicitly measure in a patient-specific man-
ner.>¢> Additionally, recent advancements have been made in the the-
oretical modeling of GAG biosynthesis.®

The ability of the in silico model to simulate cell transplantation
and classify disc remodeling under various environmental conditions
must be viewed with caution, especially considering the potential for
significant reductions in cellular survival and retention. Animal studies
have demonstrated that the overall survival rate of injected cells is
generally lower than that of the initially administered cell
population.®”=¢? In the case of human autologous disc cell transplan-
tation, irregular distribution and the formation of cell clusters and
agglomerates have been observed in patient samples. This is likely
due to the compact nature of the disc matrix, which causes the
injected cells to separate from the saline carrier solution.”® However,
employing a biomaterial carrier or delivery matrix has been shown to
significantly improve cell retention. When saline is used as the carrier,
retention rates can drop to as low as 10%. In contrast, using a fibrin
matrix can significantly enhance retention rates, increasing them to as
high as 35%-50%.5”

This is the first study to investigate the effect of GDF-5 on
human NP cell metabolism using concentrations relevant to those
implemented in clinical trial protocols. While no statistically significant
dose effect was detected for matrix synthesis rates, we observed that
the OCR response was significantly higher for 2 mg of GDF-5 com-
pared to unstimulated NP cells. This has particular scientific merit for
the clinical translation of biological therapies, as the large avascular
nature of the IVD and its “hostile” nutrient microenvironment are
often believed to be the significant hurdle for cell-based regenera-
tion.**”* Due to the limited availability of oxygen in vivo, it is sug-
gested that disc cells predominantly rely on glycolysis as their energy
source.**”2 Studies have shown glucose to be the critical nutrient for
NP cell survival and while cells have been reported to remain viable in

sustained anoxia,”®”4

it appears oxygen exerts a significant influence
on preserving the NP phenotype and regulating the production of cru-
cial water-binding GAGs within the ECM.”?7° It is possible that such
an effect was observed within this work, where the significantly upre-
gulated OCR in the 2 mg group will reduce oxygen levels within the
cell spheroids, thus contributing to the trend of reduced GAG synthe-
sis. While this work only highlights a trend of increased LPR, implying
no detection of a significant upregulation of glycolysis with increasing
GDF-5 dose, it has been reported previously that a murine cell line

under increased growth factor concentrations resulted in proportional
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increases in glycolytic rates.”® However, with highly variable human
cells, from irregularly aged and diseased disc tissue, it is expected that
significantly more donors may be necessary to detect significant
dose-dependent effects on metabolism and matrix synthesis.

In designing this study, it was considered that the metabolic rates
of disc cells in a 3D spheroid configuration would be more relevant
than those observed in more standard 2D studies. 3D culture provides
enhanced cell-to-cell interactions and pericellular matrix deposition,
which in turn supports better cell attachment, proliferation, matrix
production, and phenotype expression.” However, it is important to
acknowledge that 3D spheroids may not perfectly replicate the highly
specialized ECM of native disc tissue. Additionally, due to the 3D and
compact cell nature of the spheroids, an exact quantitative assess-
ment of cell viability was not technically feasible. This is a limitation of
the calculated rates as the viability was not quantitatively assessed to
adjust the normalization by total DNA content, and may result in rates
being calculated to a lower level. Future research should focus on
developing biomimetic culture configurations that more accurately
mimic the native disc ECM. Additionally, further research is necessary
to assess how microenvironmental factors, such as altered nutrient
environments (e.g., oxygen, glucose, and pH), variations in osmotic
pressure due to disease states, and the presence of inflammatory
cytokines, impact the metabolic rates of NP cells. Understanding
these aspects will be important to advance our knowledge of disc cell
metabolism and improve the relevance and accuracy of in silico
models.

The in silico models within this work predicted that growth fac-
tor doses and/or cell therapies did not significantly perturb the
nutrient microenvironment; however, higher doses of both would
subsequently have greater effects. Although it is worth noting that
these models are limited to being an idealized human microenviron-
ment, the microenvironment into which these therapies are being
administered may vary substantially from patient to patient. For
example, studies have shown that some patients suffering from
lower back pain have very low intradiscal oxygen levels and varying
levels of acidity.”””® Taking this into account, the substantially
higher OCR at 2 mg of GDF-5 stimulation would have conse-
quences for a potential therapy, particularly in a patient-dependent
manner. However, Bartels et al. noted substantial variation in oxy-
gen levels within the patient cohort, and they could not identify
any correlation between oxygen level, age, or stage of degenera-
tion.”” Together, this reinforces the concept of personalized regen-
erative medicine, where a biological therapeutic needs to be
designed specifically for a patient's unique microenvironment. This
work is limited to GDF-5 effects on human NP cells; however,
upregulation of matrix synthesis and perturbation of the nutrient
microenvironment may vary depending on cell type. For example,
we have previously shown that the OCR of TGF-f stimulated bone
marrow-derived stem cells (BM-MSCs) was upregulated approxi-
mately two-fold, whereas OCR of articular chondrocytes tended to
decrease.”? Similarly, another study from our laboratory directly
comparing porcine-derived NP and NC microtissues found growth

factors have differential effects on matrix synthesis depending on

the cell type, with NP cells being relatively insensitive to the
growth factors examined.”

As mentioned previously, the relatively unresponsive and highly
variable human NP cells, could be due to isolation from herniated tis-
sue, where the aged and/or degenerated cells have limited capacity
for matrix synthesis despite significantly strong GDF-5 concentra-
tions. With the large population variance among humans, the
response to growth factors can vary from patient to patient. Factors
such as the state of the growth factor (active or latent), the presence
of receptors and co-receptors in the cell membrane, and the signaling
machinery inside the cell can influence the activity of a growth factor.
Genetic variations may also play a role, where genes involved in sig-
naling pathways can affect the efficacy and sensitivity of cells to stim-
ulation. Therefore, it is important to consider all these factors when
proposing growth factors as a regenerative therapy. Furthermore, a
patient's past medical history may impact their response to growth
factor injection; for example, the apparently unresponsive Donor
1 not only had a Grade IV degeneration but also a history of co-
morbidities. Nonetheless, this warrants further investigation, and
more research is needed to better understand these underlying mech-
anisms and help healthcare providers develop personalized treatment
approaches and optimized outcomes for biological therapeutics.

Another possible explanation for the donor variability and lack of
response to GDF-5 stimulation could be related to the expression
of the BMPR2 receptor, to which GDF-5 preferentially binds. BMPR2
activation attenuates the SMAD/TGF-f pathway, a driver of regenera-
tive processes in the disc,%° with GAG synthesis shown to be regu-
lated via SMAD2/3 in NP cells.®? The significantly diminished
expression of BMPR2 observed in Donor 1 (monolayer) and Donor
2 (monolayer and 3D) could suggest a mechanism behind the low
GAG and collagen synthesis rates following GDF-5 stimulation and
the lack of predicted therapeutic outcomes in both donors. In con-
trast, Donor 3 (monolayer and 3D) and Donor 4 (monolayer) exhibited
strong upregulation of BMPR2 and were predicted to have the most
positive outcome following GDF-5 treatment, with Donor 3 showing
the most notable enhancement, reaching a Grade Il level within
8 years of treatment. These findings further highlight the importance
of developing patient-specific treatment strategies and incorporating
them into the future refinement of personalized medicine.

This work focused on the effect of different concentrations of
GDF-5 on the metabolism of these diseased human NP cells in vitro,
before attempting to incorporate these measured values into an in
silico model. Future work is needed to develop these in silico models
into patient-specific models. Pre-operative MRI may be used relatively
easily to create a patient-specific geometry, while more specialized
diffusion-weighted MRI is required to create patient-specific apparent
diffusion coefficient maps. Although this technique may reflect diffu-
sivity in patient-specific discs, it is a measure of water molecules in tis-
sues and not a direct measure of the solutes or metabolites of
interest. Nonetheless, as shown in a recent study, such in vivo data is
a valuable input for models,® and may be particularly insightful for
individual  matrix and donor-to-donor

assessing composition

variability.
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A limitation of the current in silico modeling work is the lack of
viability and survival thresholds for cells. Bovine NP cells have shown
reduced viability when glucose concentration falls below 0.5 mM for
more than 3 days.”® In our current models, glucose concentrations
were not predicted to fall below this minimum value for cell survival.
Interestingly, Zhu et al. incorporated the effects of limited nutrition
and dynamic loading on cell viability and demonstrated that increased
frequency and amplitude both resulted in higher cell density, as theo-
retically, dynamic compression facilitated diffusion.8? Together these
studies show that more complex, interconnected studies are required
to incorporate theoretical thresholds for cellular survival into our
models. For example, recent advances have been made in agent-based
modeling using sub-models in an attempt to capture cellular behavior
in more multifactorial biochemical environments.®® For the in silico
model predictions, GAG synthesis is assumed to remain constant as it
is calculated as the average GAG deposition rate over the 14-day
treatment period. Therefore, it is more akin to continuous GDF-5
stimulation rather than a single-dose treatment that dissipates over
time. This may be considered a limitation of the study in terms of the
practicality of a realistic treatment, and future studies could consider
investigating the effect of GDF-5 stimulation that dissipates over
time. However, the results show that despite “continuous” stimulation
the treatments do not actually provide a significant boosting effect.

This study captured the effect of static loading on nutrient trans-
port by incorporating diffusion coefficients derived from experimental
measurements of tissue under 10% compressive strain.*® However,
the effects of dynamic loading during daily activities are complex and
multifactorial. These effects, which may influence nutrient transport
and elicit mechanobiological responses, were not considered or mod-
eled in this work. Animal studies have yielded mixed results regarding
the impact of dynamic loading and forced convection “pumping” on
nutrient transport.®4-8¢ Regarding mechanobiological effects on cellu-
lar activity, compressive loading has been found to significantly
enhance the metabolism of AF cells, whereas the impact on NP cells
remained largely unchanged.?” A deeper understanding of the effects
of dynamic compression on the metabolism and nutrient transport of
degenerated and aged human disc cells is lacking and warrants further
investigation.

While a minimally invasive regenerative or biological therapy,
with the ability to target a younger cohort of patients earlier at the
degenerative cascade, would revolutionize spinal healthcare, the ardu-
ous journey to its realization must be addressed. As biological prod-
ucts often exhibit unique characteristics and features, they frequently
demand tailored development strategies and individualized assess-
ments, rather than a one-size-fits-all approach. This, coupled with the
growing complexity of global regulatory standards, presents distinct
challenges for therapeutic manufacturers. A prime example is BMP-2,
as mentioned previously, a potent osteoinductive growth factor which
was FDA-approved in 2002 after proving to augment bone regenera-
tion and has since revolutionized the bone graft substitute market.®®
However, it was a long and costly journey; after multiple animal stud-
ies demonstrating potential in the 1990s, an investigational device

exemption was granted in 1997.82 Early clinical trial results for
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780 patients were published from 2000 to 2004, noting that all trials
were industry-sponsored and performed by surgeons with high levels
of investment in the success of BMP.?° This underscores the exten-
sive 10+-year timeline and substantial financial investment necessary
to introduce growth factors to the market. The typical cost ranges
from $161 million to $4.54 billion to take new molecular entities to
commercialization.”?

In the past, key requirements for success included ensuring
safety, clinical effectiveness, and optimal performance. Nowadays,
companies must supplement these criteria with the inclusion of
cost-effectiveness data for comparison. It has become necessary for
companies to demonstrate that their products can contribute to the
overall reduction in healthcare expenses and the societal cost burden.
These products must substantiate their ability to decrease procedural
costs, shorten patient hospital stays, and potentially reduce labor
expenses. In general, the expenses associated with clinical trials for
growth factor therapies can be significant due to factors such as
research and development expenses, manufacturing outlays, adher-
ence to regulatory mandates, patient recruitment and retention
efforts, as well as the costs related to surveillance and data collection.
Furthermore, the regulatory process involves ensuring that growth
factors are produced and distributed in accordance with Good
Manufacturing Practice guidelines. Therefore, these substantial finan-
cial burdens often serve as impediments to the progression and
endorsement of growth factor therapies.”” Meanwhile, investors must
be persuaded of the therapeutic potential, the feasibility of obtaining

FDA approval, and the assurance of eventual reimbursement.

5 | CONCLUSION

The field of regenerative therapies for discogenic back pain faces
significant challenges on the path to clinical adoption. Despite the lim-
itations of conventional surgical treatments, there is currently no
FDA-approved regenerative therapy, and large-scale randomized con-
trolled trials have yet to demonstrate clinically significant improve-
ments with investigational biological therapeutics. While several
growth factors have been explored as potential solutions to address
this challenge in animal models, the suitability and effectiveness of
these therapies on human cells remains uncertain. The focus on
GDF-5 in this study highlights the potential of growth factors in pro-
moting ECM synthesis in human NP cells, without significantly per-
turbing  their metabolism or aggravating the nutrient
microenvironment. Our findings suggest a trend of increased matrix
synthesis with certain concentrations of GDF-5 stimulation, though
individual variability among donors must be acknowledged. This vari-
ability highlights the complexity of human response to biological treat-
ments and reinforces the need for further human research and
personalized approaches. Animal models, while informative, may not
completely mirror the intricacies of the large avascular human IVD or
the limited capacity of aged human cells. Further research using
advanced in vitro testing, in silico modeling, and re-evaluation of ani-

mal models is essential. These efforts will contribute to a deeper
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understanding of the mechanisms involved leading to the develop-
ment of personalized treatment strategies, and the optimization of
regenerative therapies in clinical practice. While the journey to
realizing the full potential of regenerative therapies is demanding, it
holds the promise of revolutionizing spinal healthcare and improv-
ing the quality of life for patients suffering from discogenic
back pain.
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