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Abstract

Background: Low back pain (LBP) is the leading cause of disability among the elderly, placing significant social and economic bur-
dens on societies globally. A common cause of chronic LBP is lumbar disc degeneration. Previously, we reported that autologous or
allogenic fibroblast injections could treat intervertebral disc degeneration (IVDD) in preclinical studies by maintaining disc height and
stability through fibrosis. However, the pathway to successful drug development remains unclear. Methods: To develop a novel human
allogenic fibroblast injection, we launched a quality-by-design (QbD) project focusing on human dermal fibroblasts (HDFs). Results:
We developed a tissue separation process, HDF culture process, and HDF cryopreservation process. The tissue disinfection method
used 5% povidone-iodine solution and 75% alcohol for 3—5 min each; the tissue digestion conditions used neutral protease AF followed
by overnight soaking plus collagenase NB6 digestion for 23 h; the non-animal component medium contained high glucose dulbecco’s
modified eagle medium (DMEM) + 7.5% human platelet lysate (hPL); A cell density of 14,000—18,000 cells/cm?® was used; the cell cryop-
reservation solution contained 75% CS10 + 10% human serum albumin (HSA) + 15% saline (NaCl). Finally, we explored its therapeutic
effects by treating IVDD in rabbits. Conclusions: The model of lumbar disc degeneration in rabbits was induced by acupuncture, and
HDF was injected into the intervertebral disc. The therapeutic effect of HDF was observed by imaging and histopathology at 1, 3, and 6
months after administration. HDF treatment significantly improved the water content of degenerative intervertebral discs and maintained
the height and stability of intervertebral discs. Signal pathway analysis in cynomolgus monkeys suggested that the primary mechanism
involves promoting disc fibrosis. Therefore, this study demonstrated the feasibility and cost-effectiveness of manufacturing FibroCell™,

lTM

a foreskin-derived human dermal fibroblast injection. FibroCell ™ shows promise as a cell-based therapy for IVDD treatment.

Keywords: lumbar/intervertebral disc (IVD); human dermal fibroblasts (HDFs); intervertebral disc degeneration (IVDD); low lack pain;
cell therapy

1. Introduction crease in the proteoglycan-to-collagen ratio cause a loss of
hydrostatic properties. This leads to structural wear and
compromised biomechanical functions [6]. Current IVDD
treatments, such as surgical interventions, aim to reduce
symptoms and minimize lumbar disability [7]. Percuta-
neous endoscopic lumbar discectomy (PELD) is commonly
used to relieve nerve root compression. Surgical interven-
tions typically focus on maintaining intervertebral space
stability and relieving severe neurological symptoms, of-
ten involving discectomy and interbody fusion. However,
nucleus pulposus removal may risk a recurrence of disc her-

Low back pain (LBP) is a significant cause of dis-
ability in the elderly and places substantial social and
economic burdens on societies globally [1,2]. One of
the most common diagnoses associated with LBP is lum-
bar/intervertebral disc degeneration (IVDD), which leads to
lumbar instability and height loss. These changes can result
in symptomatic nerve compression, intervertebral foramen
stenosis, adjacent segment degeneration, and instability-
induced LBP [3-5].

Intervertebral disc degeneration is a progressive, cell-
mediated process involving molecular, structural, and
biomechanical changes. It begins in the nucleus pulposus
(NP), where a reduction in proteoglycan content and a de-

niation and late-stage intervertebral space height loss, caus-
ing spinal instability. Moreover, intervertebral disc fusion
sacrifices lumbar spine mobility and accelerates adjacent
intervertebral disc degeneration by shifting biomechanical
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functions [8]. Therefore, there is an urgent need for more
targeted and less invasive regenerative strategies, such as
minimally invasive NP or AF treatments.

Given the limitations of current IVDD treatments, disc
regeneration methods have gained increasing research at-
tention [8,9]. Cell-based therapies, including allogeneic
and autologous approaches, are attractive due to their ability
to target multiple [VDD pathways. These cells can produce
essential extracellular matrix (ECM) components, such as
aggrecan, type I and II collagen, and fibronectin, which
maintain disc stability [10]. Among various human cell
types, fibroblasts are the most common structural support
cells in the body to treat IVDD [11-15]. They can integrate
into discs, accelerating fibrosis and maintaining disc height.
Additionally, fibroblasts secrete growth factors like trans-
forming growth factor-3 (TGF-g3) and fibroblast growth
factor (FGF), which stimulate tissue-specific cell prolifera-
tion and enhance natural repair processes [16,17]. Several
independent studies have demonstrated fibroblasts’ poten-
tial in treating IVDD and reducing inflammation in rabbit
and monkey models, generating significant clinical interest
[18,19].

Our previous study has shown that autologous and al-
logenic fibroblast injection may serve as a potential treat-
ment approach. Fibroblasts enhance the natural fibro-
sis process during acute and subacute stages of stress-
induced IVDD [20]. Compared with the IVDD group,
the fibroblast-treated group exhibited effective disc height
maintenance, reduced endplate degeneration, and improved
nuclear magnetic resonance signals and overall histologi-
cal structure in rats, rabbits, and monkeys [21]. Long-term
imaging data, including X-ray, computed tomography (CT),
and magnetic resonance imaging (MRI), indicated that fi-
broblast injection significantly reduced osteophyte gener-
ation after one year. Fibrotic discs maintain the interver-
tebral space’s stability, biological activity, and mechanical
properties, thus presenting a new direction for treating lum-
bar degenerative diseases originating from the interverte-
bral space.

Developing a first-in-class human allogenic fibrob-
last injection must comply with pharmaceutical manufac-
turing standards and regulatory oversight. Quality by de-
sign (QbD) is a strategic method used across various indus-
tries, including pharmaceuticals, to produce high-quality
products consistently. It integrates quality considerations
throughout the entire product lifecycle, from initial con-
cept to final production. In this study, we applied QbD to
human dermal fibroblasts derived from teenager foreskin
tissue. We produced a fibroblast cell injection and inves-
tigated its pharmacodynamic effects on treating [IVDD in
rabbits. The data from process development and quality-
control studies provide a strong foundation for future clin-
ical trials. Further analysis of signal pathways in inter-
vertebral discs of cynomolgus monkeys suggested that the
primary mechanism involves enhancing fibrotic pathways,

thereby managing disc fibrosis. From an industry and clini-
cal perspective, this work demonstrated the practicality and
cost-effectiveness of a foreskin-derived human dermal fi-
broblast injection (FibroCell™) as a promising cell-based
therapy for IVDD treatment.

2. Methods

2.1 Part I: Process Development
2.1.1 Isolation of Human Dermal Fibroblasts (HDFs)

The study design and volunteer recruitment were ap-
proved by the Ethics Committee of the Shanghai Ninth
People’s Hospital, Shanghai Jiao Tong University School
of Medicine (approval number: SH9H-2021-T94-2 and
SH9H-2023-T186-3). All experiments adhered to relevant
guidelines and regulations.

Foreskin samples from individuals under 18 years old
were obtained from circumcisions performed at Shanghai
Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine. The collected tissues were weighed,
cleaned, and disinfected by soaking in 5% povidone-iodine
solution (Shanghai Xiao Fang Pharmaceutical Co., Ltd.,
Shanghai, China) and 75% ethanol solution (China National
Medicines Corporation Ltd., Beijing, China), each for 3—
5 min. After disinfection, tissues were washed with PBS
a minimum of three times. The tissues were then evenly
distributed and transferred into either 2 mg/mL Dispase 11
(Roche, Basel, Switzerland) or 2 DMC U/mL Neutral pro-
tease AF (Nordmark, Uetersen, Germany) and left to stand
at 4 °C for 10-20 hours. Following this, the dermal tissue
was separated from the whole skin layer, cut into ~1 mm3
pieces, and immersed in different collagenases. The colla-
genases used were 2 mg/mL type XI collagenase (Sigma,
St. Louis, MO, USA), 2 mg/mL type I collagenase (ab-
sin, Shanghai, China), or 0.1 PZ U/mL NB6 collagenase
(Nordmark, Uetersen, Germany). The tissues were then di-
gested in a 37 °C incubator (ESCO, Singapore) for 2-3 h
with oscillation using a cell culture shaker (DLAB, Beijing,
China). After digestion, the optimal digestion conditions
were determined based on the number of viable cells. Alter-
natively, the defined process procedures allowed the whole
foreskin tissue to be directly cut and digested in the desired
collagenase, omitting the epidermis removal process. All
primary cells were validated for their identity by surface
marker analysis using flow cytometry and tested negative
for mycoplasma.

2.1.2 Screening of Animal-Component-Free (ACF)
Culture Medium or FBS Substitute

Conventionally, fibroblasts are cultured in high-
glucose dulbecco’s modified eagle medium (DMEM,
Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with Fetal Bovine Serum (FBS) [22]. We screened
commercial FBS substitutes compatible with fibroblast
culture to find a suitable animal-component-free (ACF)
culture medium. The candidates were: human platelet
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lysate (hPL, Sexton, Indianapolis, IN, USA), Ultroser G
Serum Substitute (Sartorius, Gottingen, Germany), Xerum-
Free XF212 (amsbio, Oxfordshire, UK), KnockOut SR
XenoFree (Thermo Fisher Scientific, Waltham, MA, USA),
KBM Fibro Assist (KOHJIN BIO, Tokyo, Japan), and Fi-
broblast Medium-animal component free (FM-acf, Scien-
Cell, San Diego, CA, USA). The number of harvested cells
and culture time were recorded.

2.1.3 Optimization of Cultural Media

Seven basal media were tested, including DMEM,
RPMI-1640, DMEM/F-12, MEM, McCoy’s 5A, Human Fi-
broblast Expansion Basal Medium (all from Thermo Fisher
Scientific, Waltham, MA, USA), and Fibroblast Growth
Basal Medium (Lonza, Basel, Switzerland). Different con-
centrations of FBS substitute (3%, 5%, 7.5%, and 10% hPL)
were also tested. The culture time and harvested cell num-
ber were recorded for each combination.

2.1.4 Optimization of Cell Seeding Density

Three fibroblast seeding densities were tested: 14,000
cells/cm?, 18,000 cells/cm?, and 22,000 cells/cm?. The cul-
ture duration and harvested cell number were recorded for
each density.

2.1.5 Optimization of the Cell Cryopreservation Solution

To optimize cell recovery and viability, we tested five
cell cryopreservation formulas: CS-10 (Biolife Solutions,
Bothell, WA, USA), 75% CS-10 + 10% HSA (CSL, Mel-
bourne, Australia) + 15% NaCl (Cisen Pharmaceutical Co.,
Ltd., Jining, China), 90% CS-10 + 10% HSA, 1% TG-40
+ 10% HSA + 10% DMSO + 79% NaCl, and 1% TG-40
(Sichuan Kelun Pharmaceutical Co., Ltd., Chengdu, China)
+ 40% hPL+10% DMSO + 49% NacCl (v/v). Cells were
cooled according to a program and stored in a —80 °C re-
frigerator (Thermo Fisher Scientific, Waltham, MA, USA).
Cell viability and the number of viable cells were assessed
post-thawing after 7, 14, 30, 60, and 90 days of storage.

2.1.6 Procedure Robustness and Process Repeatability
Research

Process parameters for the separation, culture, and
cryopreservation of human dermal fibroblasts (HDFs) de-
rived from foreskins were confirmed, and a production
roadmap was developed. Eight batches of HDFs from eight
different donors were produced on a small scale using these
processes. HDFs were isolated from foreskin tissue using
two methods: five tissues (donors 1, 2, 4, 7, 8) were di-
gested with neutral protease AF overnight before the der-
mis was isolated and digested with collagenase, while three
tissues (donors 3, 5, 6) were directly digested with collage-
nase. All primary cells were cultured to passage 8 (PS8) for
clinical use, and a secondary cell bank was established dur-
ing this process. The cell seeding numbers, harvested cell
counts, and culture durations per passage were recorded to
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assess HDF proliferation ability and demonstrate produc-
tion process robustness.

2.1.7 Mathematical Statistics

Cell expansion fold, population doubling level (PDL),
and doubling time (DT) were calculated to analyze cell pro-
liferation under different conditions. PDL values were pos-
itively correlated to the proliferation ability, while DT val-
ues were inversely correlated. The cell expansion fold was
determined by dividing the harvested cell number by the
seeding cell number. The total cell number was calculated
by multiplying the initial cell amount by the cell expansion
fold per generation.

PDL and DT were calculated using the following for-
mulas (where Nj is the seeding cell number, N is the har-
vested cell number, and T is the incubation time).

PDL = log10(Ny/No) * log2(10)

DT =10g10(2)/logl0(N1/Ng) « T

2.2 Part Il Preclinical Study
2.2.1 Animals Welfare

The HDFs used in animal experiments were sourced
from one of the aforementioned small-scale productions.
The animal experiments were approved by the Animal
Committee (approval number JGLL-20220601 for rabbits
and IACUC-2024-538 for cynomolgus monkeys). During
the experiments, Cynomolgus monkeys were anesthetized
with an intramuscular injection of 0.05 mg/kg atropine
sulfate (0.5 mg/mL, Minsheng Pharmaceutical Co., Ltd,
Hangzhou, China) and 0.3 mL/kg Zoletil 50 (250 mg/mL,
Virbac, Carros, France), and were euthanized by bloodlet-
ting following anesthesia. New Zealand rabbits were anes-
thetized with an intramuscular injection of 0.3 mL/kg Zo-
letil 50 (250 mg/mL) and euthanized by bloodletting fol-
lowing anesthesia. All experiments adhered to relevant
guidelines and regulations.

2.2.2 Pharmacodynamic Study on Rabbit Model

Sixteen male New Zealand rabbits, aged 6 months
with a mean weight of 2.5 + 0.5 kg, were obtained from
Jiagan Biotechnology Corporation (Shanghai, China). The
rabbits’ back and abdomen hair were removed, and they
were placed in the right lateral position. The abdominal
skin and muscles were incised to expose the intervertebral
discs. The animals were then assigned to sham and experi-
mental groups. For the sham group, intervertebral disc L2/3
was used. For the experimental groups, discs L3/4, L4/5,
and L5/6 were employed. The intervertebral disc degen-
eration was induced using a 20-gauge needle via negative
pressure puncture. The needle was inserted to a depth of 4
mm and withdrawn after one rotation. Following this pro-
cedure, disc L4/5 was injected with 20 uL of solvent. Disc
L3/4 and L5/6 were injected with HDFs at concentrations
of 5 x 105 cells/20 pL and 2 x 10 cells/20 uL in the first
8 animals, disc L3/4 and L5/6 were injected with HDFs at
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concentrations of 2 x 10° cells/20 uL and 5 x 10° cells/20
pL in last 8 animals, respectively. Post-operation, the skin
incisions were sutured and disinfected. Due to the death of
an animal during surgery, only 15 animals were involved in
the subsequent tests.

2.2.3 Magnetic Resonance Imaging (MRI) and Computed
Tomography (CT) Analysis

All animals underwent MRI and CT scans at 1, 3, and
6 months post-treatment. 15 animals involved in MRI and
CT detection at 1, 3 months, as 3 animals were sacrificed
for histological detection at 3 months only 12 animals were
involved in MRI and CT detection at 6 months. MRI was
performed using a UMRS580 (UNITED IMAGING, Shang-
hai, China) with the following parameters: repetition time
(TR) of 1800 ms, echo time (TE) of 98 ms, slice thickness
1.1 mm, slice interval 0.22 mm, field of view (FOV) 160
mm X 65 mm, and voxel size 0.25 mm x 0.25 mm x 1.1
mm. CT scans were conducted using a UCT528 (UNITED
IMAGING, Shanghai, China) with a spatial resolution of
1.0 mm, voltage of 120 kV, and electrical current of 200
mA. The disc height index (DHI) indicates the interverte-
bral disc height, calculated as the disc height measurements
multiplied by 2 and divided by the average height of the
two adjacent vertebral bodies. The gray value, representing
the intervertebral disc’s water content, was derived from the
MRI index and measured using Analyze 14.0 software (An-
alyzeDirect, Overland Park, KS, USA). All images were
measured by three independent observers unaware of the
sample, and the average of their assessments was recorded.

2.2.4 Histopathologic Analyses

At three months post-treatment, three rabbits were
randomly selected and euthanized. Their lumbar interver-
tebral disc specimens were fixed in formaldehyde (Ser-
vicebio, Wuhan, China), embedded in paraffin, and se-
rially sectioned. The tissues were dewaxed, rehydrated,
and stained with Safranin O-Fast Green (SOFG, Service-
bio, Wuhan, China) and Hematoxylin and Eosin (H&E, Ser-
vicebio, Wuhan, China) staining. An Olympus microscope
(Olympus, Tokyo, Japan) captured these images. Three in-
dependent observers, blinded to the group details, calcu-
lated the height of the intervertebral discs in each group.

2.2.5 Safety Research on Cynomolgus Monkey Model

Four cynomolgus monkeys (two males and two fe-
males, aged 4.1-6.3 years) were sourced from Guoke Saifu
Hebei Pharmaceutical Technology Co., Ltd. The safety
evaluation of HDF injection was conducted at this institu-
tion. Monkeys were randomly assigned to low-dose (3 x
106 cells/IVD) and high-dose (1.2 x 107 cells/IVD) groups.
A 22G puncture needle (ESSICA, Taizhou, China) was used
to percutaneously insert into the nucleus pulposus of the
L5/6 intervertebral disc of each monkey. After removing
the needle core, a micro-syringe was connected to inject 0. 1

mL of HDF. Post-injection, animals were continuously ob-
served for four weeks, with the day of administration desig-
nated as Day 1 (D1). Daily observations of the general state
of all surviving animals were conducted, with detailed clin-
ical observations occurring weekly. Body weight, food in-
take, and body temperature (rectal temperature) were mea-
sured weekly. ECG measurements were taken 3 h post-
administration and at the end of the observation period. Cy-
tokine levels were measured at 4 h, 24 h, and D29 post-
administration. At the end of the observation period (D29),
hematology, blood biochemistry, CRP, blood coagulation,
and urine tests were performed. Animals were then euth-
anized for gross anatomical observation and pathological
examination. Additionally, the nucleus pulposus (NP) and
annulus fibrosus (AF) of the injected and non-injected IVD
of two animals were collected for bulk RNA-seq to study
the effect of HDF injection on IVD tissue cells. Primer se-
quences and supplementary methods are shown in the Sup-
plementary Materials.

2.2.6 Statistical Analysis

The number of biological replicates and technical re-
peats in each experimental group is indicated in figure leg-
ends. The experimental design incorporated user blind-
ing when possible. Compiled data are expressed as mean
=+ standard deviation (SD). For comparison between two
groups, a two-tailed unpaired Student’s ¢-test was used
when variances were similar (tested with F-test), whereas
a two-tailed unpaired Student’s ¢-test with Welch’s correc-
tion was used when variances were different; for multiple
comparisons, a one-way ANOVA test was used, followed
by Dunnett’s post-test when comparing each group to the
control group, or followed by Tukey’s post-test when com-
paring all pairs of groups. Statistical analyses were per-
formed using GraphPad Prism (V8.0, Boston, MA, USA)
software. ns > 0.05; *p < 0.05; **p < 0.01; ***p < 0.005;
wHEkp < 0.0001.

3. Results

3.1 The Isolation Process and Culture Medium Selection
of Human Dermal Fibroblast

The “Guidelines for Pharmaceutical Research and
Evaluation of Human Stem Cell Products” clearly states
that animal-derived materials should be avoided in the
production of cell therapy products. Instead, animal-
component-free materials with defined components should
be used where possible. To align with these guidelines,
various combinations of digestive enzymes and animal-free
media were employed to develop a method for isolating and
culturing human dermal fibroblasts. Donor foreskin der-
mal tissues weighing around 1-2 g were divided into four
parts for testing different enzyme combinations. After di-
gesting tissues from three donors using neutral protease AF
and NB6 collagenase, approximately 2.0 x 10° cells were
harvested. Furthermore, these enzymes, being commercial
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Fig. 1. The isolation process and culture medium selection of human dermal fibroblast. (A) The number of human dermal fibroblasts

(HDFs) obtained from three donors using four digestive enzyme combinations for isolation. (B) Total HDF counts grown with five types

of media over 26 passages (left) and enlarged pictures of cells from the first four generations (right). (C) Population doubling level per

day (population doubling level (PDL)/day) of HDFs cultured in five media types over 26 passages. (D) Doubling time of HDFs grown

in five media types over 26 passages.

GMP-grade, proved to be the most suitable combination
for isolating fibroblasts from children’s foreskin for future
manufacturing processes (Fig. 1A).

Next, four serum substitutes and two commercial ACF
culture media were evaluated to identify the optimal non-
animal component culture medium for HDF. Isolated HDFs
were seeded at equal densities into T25 culture flasks. Cells
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cultured in XerumFree XF212 and KnockOut SR XenoFree
media failed to adhere and proliferate. After four passages,
HDFs in 2% Ultroser G + DMEM, KBM Fibro Assist, and
FM-acf also ceased proliferating (Fig. 1B, right, zoom-in
picture). In contrast, 10% FBS + DMEM and 7.5% hPL
+ DMEM supported HDF growth for over 25 passages
(Fig. 1B). Notably, 7.5% hPL + DMEM emerged as the op-
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timal culture medium. In this medium, the total cell number
(Fig. 1B), population-doubling level (PDL)/day (Fig. 1C),
and doubling time (Fig. 1D) were significantly higher or
faster than in other media. Moreover, HDFs could be cul-
tivated in DMEM + 7.5% hPL for at least 25 passages
(Figs. 1C,D).

The data above indicates that the combination of neu-
tral protease AF and NB6 collagenase is optimal for isolat-
ing HDF from human foreskin, while DMEM + 7.5% hPL
promotes the fastest cell expansion.

3.2 Optimization of Cultural Media and Cell Preservation
Solution

Considering commercial cost and compliance, further
tests were conducted to optimize the basal culture medium
and the concentration of the FBS substitute. hPL was
deemed the best alternative to FBS. Thus, seven types of
basal media were tested with 7.5% hPL: DMEM, RPMI-
1640, DMEM/F-12 (DF-12), MEM, McCoy’s 5A, Human
Fibroblast Expansion Basal Medium (Gibco basal), and Fi-
broblast Growth Basal Medium (Lonza basal).

Primary HDFs were divided into seven groups and
seeded in T25 culture flasks with equal cell numbers. After
five passages, HDFs grown in DMEM showed the fastest
expansion, with a total cell number of approximately 8
x 109 (Fig. 2A), the highest PDL/day (Fig. 2B), and the
shortest doubling time (Fig. 2C). These results suggest that
DMEM is the most suitable basal medium for culturing
HDFs.

Additionally, a gradient of hPL concentrations (from
3.0% to 10%) was tested to determine the optimal con-
centration. Compared with other concentrations, HDF
grown in DMEM + 10% hPL and DMEM + 7.5% hPL
showed faster PDL/day (Fig. 2D) and shorter doubling
times (Fig. 2E), with higher total cell numbers at passage
5 (Fig. 2F). Regarding commercial cost and compliance,
DMEM + 7.5% hPL is the most suitable medium for clinical
HDFs.

Accordingly, the cell density of HDFs was adjusted,
as their growth relies on autocrine cytokines. Both low
and high seeding densities can negatively impact large-
scale production. Cells were seeded at different densities
(from 14,000/cm? to 22,000 cm?) per passage, and their
PDL/day, total cell number, and doubling time were calcu-
lated. Fig. 2G-I shows that the optimal seeding density for
HDF culture and large-scale production is between 14,000
cells/cm? and 18,000 cells/cm?, within which HDFs exhibit
the highest proliferation rate.

The formulation of the cryopreservation solution im-
pacts cells’ post-thaw viability and recovery rate. Several
formulations were tested, including CS-10 alone, 75% CS-
10 + 10% HSA + 15% NaCl, 90% CS-10 + 10% HSA, 1%
TG-40 + 10% HSA + 10% DMSO + 79% NaCl, and 1%
TG-40 +40% hPL + 10% DMSO +49% NaCl (v/v). HDFs
were cryopreserved at an equal cell density and stored at —

80 °C for 7, 14, 30, 60, and 90 days. After thawing in a 37
°C water bath, the formulation of 75% CS-10 + 10% HSA
+ 15% NaCl demonstrated the best cell viability and viable
cell number (Fig. 2J,K).

These data confirm that the most suitable culture
medium for HDFs is DMEM basal medium supplemented
with 7.5% hPL, with an optimal seeding density of 14,000
cells/cm?to 18,000 cells/cm?. Furthermore, the formula-
tion of 75% CS-10 + 10% HSA + 15% NaCl is the most
effective for HDF cryopreservation, yielding better cell vi-
ability and viable cell numbers.

3.3 The Robustness of Production Engineering

We conducted eight batches of HDFs and cultured
them to the P8 generation on a small scale. During this pro-
cess, we established the main cell bank (MCB) and work-
ing cell bank (WCB). We recorded the number of harvested
cells, seeding cells, and culture days to determine the cells’
proliferation ability. Our results indicated no significant
differences in the growth curves of the eight batches, in-
cluding total cell number, population doubling level (PDL),
and doubling time. This consistency proved the stability
of the HDF separation, culture, and cryopreservation pro-
cesses (Fig. 3A—C). Additionally, we examined the impact
of epidermis separation on the yield of primary fibroblasts
and their proliferation abilities. Tissues from donors 1, 2,
4, 7, and 8 were digested with neutral protease overnight,
followed by dermis isolation and collagenase digestion.
Meanwhile, tissues from donors 3, 5, and 6 were directly di-
gested with collagenase to isolate HDFs. The summarized
data in Fig. 3D,E demonstrated that epidermis separation
did not affect HDF proliferation ability (doubling time) or
cell morphology. Blue lines represent cells derived from
foreskins with separated epidermis, while red lines indicate
those without separation.

3.4 Gene Expression and Protein Secretion Level of HDF

After establishing the complete production method for
isolating and preserving HDFs, we isolated and cultured
HDFs from eight donors. To compare HDFs with the hu-
man foreskin fibroblast cell line HFF-1, we selected sev-
eral key gene markers. a-SMA an identical marker for fi-
broblasts [23], facilitates tissue repair and biomechanical
remodeling [12]. VIMENTIN, DESMIN, FIBRONECTIN,
COL3A41, and COLIAI are extracellular matrix (ECM)
components that stabilize IVDD [24]. Additionally, we
detected other fibroblast markers such as CD26, THY-1
(CDY0), FAP, and Fibroblast Specific Protein-1 (FSP-1)
[25] using qRT-PCR. HDFs from 8 eight donors were con-
tinuously passaged eight times. At the end of the eighth
passage, we collected the cultured media and performed
ELISA assays to test the secretion of TGF-/31 and COL1A1.

All tested genes, including a-SMA, TGF-B1, VI-
MENTIN, THY-1, FSP-1, FIBRONECTIN, COL3Al,
DESMIN, DDR2, FAP, COLIAI, and CD26 were ex-
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Fig. 2. Optimization of cultural media and cell preservation solution. (A) Total cell count of HDFs cultured in combination with
seven basal media and human platelet lysate (hPL) for five passages. (B) PDL/day of HDF grown with a combination of seven basic
media and hPL for 5 passages. (C) Doubling time of HDFs grown in combinations of seven basal media and hPL for five passages. (D)
PDL/day of HDFs cultured with 3%, 5%, 7.5%, or 10% hPL for five passages. (E) Doubling time of HDFs cultured with 3%, 5%, 7.5%,
or 10% hPL for five passages. (F) Total cell count of HDFs cultured with 3%, 5%, 7.5%, or 10% hPL for five passages. (G) PDL/day
of HDFs cultured at three different seeding densities for five passages. (H) Total cell count of HDFs cultured at three different seeding
densities for five passages. (I) Doubling time of HDFs cultured at three different seeding densities for five passages. (J) Number of viable
HDFs recovered after cryopreservation with five different solutions at Days 7, 14, 30, 60, and 90. (K) Viability of HDFs recovered after

cryopreservation with five different solutions at Days 7, 14, 30, 60, and 90.

&% IMR Press


https://www.imrpress.com

1015+
= 1074 -~ Donor 1
3 1013 -~ Donor 2
§ 1072+ -8 Donor 3
c 10"
= 1074 —+— Donor 4
[
o 10°4 Donor 5
T 10°4 -A- Donor 6
o 107
F 108 -o- Donor 7
108 T T T T T T T T 1 -A- Donor 8
Pr PO P1 P2 P3 P4 P5 P6 P7 P8
10
-6~ Donor 1
_§' 8 -4 Donor 2
° = Donor 3
E ~+- Donor 4
2 Donor 5
§ -4~ Donor 6
o
a -e- Donor7
-4~ Donor 8

=

PDL/days
R
o [3,] o
1 1 ]

o
o
1

o
o

=)

Doubling Time (day)

T T T T T T T T T
PO P1 P2 P3 P4 P5 P6 P7 P8

bt e

bt

L KN S |

Donor 1
Donor 2
Donor 3
Donor 4
Donor 5
Donor 6
Donor 7
Donor 8

Donor 1
Donor 2
Donor 3
Donor 4
Donor 5
Donor 6
Donor 7
Donor 8

200 pm

T T T T T T T T T
PO P1 P2 P3 P4 P5 P6 P7 P8

Donor 3, P8, 10X

200 pm

Fig. 3. The robustness of production engineering. (A) Total cell number of human dermal fibroblasts (HDFs) isolated from eight donors

and cultured over eight passages. (B) PDL/day of HDFs isolated from eight donors and cultured over eight passages. (C) Doubling time

of HDFs isolated from eight donors and cultured over eight passages. (D) Doubling time of HDFs isolated from eight donors and cultured

over eight passages. Blue lines represent cells derived from foreskins where the epidermis was removed, while red lines represent cells

where the epidermis was intact. (E) Morphology of HDFs isolated from donors 1 and 3 at P8. Scale bars, 200 um.

pressed in HDFs at approximately the same level as in the
control cell line HFF-1 [26]. Some donors (e.g., donor
1 and donor 2) even showed higher expression levels
than HFF-1 (Fig. 4A). ELISA tests also revealed similar
secretion levels of COL1A1 and TGF-£1 in HDFs from
eight donors (Fig. 4B). This indicates that our isolation and
culturing methods for HDFs maintain the gene expression
and protein secretion patterns in vitro.  Furthermore,
the separation of the epidermis did not affect the gene
expression and protein secretion of HDFs.

3.5 Characteristics and Identification of HDF's

Flow cytometry (FCM) analysis was conducted to ex-
amine the surface and intracellular markers of HDF. The

markers Vimentin, Fibronectin, FSP-1, -SMA, Desmin,
CD105, CD73, and CD90 were all positively expressed
(>90%) in HDF (Fig. 5A and and Table 1). Conversely,
the negative markers CD45, CD31, CDI11b, and HLA-
DR/DQ/DP were not expressed in any of the eight donors
(Fig. 5B and and Table 1). These results suggest that the
HDF cultured using our methods have high purity and low
immunogenicity. Additionally, the separation of the epi-
dermis did not affect HDF purity, and no contaminating
cells were identified. These data support the establishment
of quality standards for further Chemistry, Manufacturing,
and Controls (CMC) processes.
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Fig. 4. The gene expression level of human dermal fibroblast. (A) RT-qPCR analysis of «-SMA, VIMENTIN, THY-1, TGF-f1, FSP-1,
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Table 1. Protein level expression of 8 batches of HDF production.

Markers Donor1 Donor2 Donor3 Donor4 Donor5 Donor6 Donor 7 Donor 8
CD105 98.2% 93.81% 93.3% 98.6% 97.3% 97.37% 97.2% 99.1%
CD90 100% 100% 100% 100% 100% 100% 99.9% 100%
CD73 100% 99.91% 100% 99.9% 99.9% 99.95% 100% 100%
FAP 99.4% 94.35% 91.1% 54% 52.3% 97.16% 67.3% 76.6%
Vimentin 100% 99.57% 99.2% 99.9% 98.1% 99.69% 98.7% 99.3%
Fibronectin 100% 99.97% 100% 99.7% 99.9% 99.96% 99.9% 100%
FSP-1 100% 99.01% 99.9% 97.5% 99.7% 99.41% 99.9% 99.9%
a-SMA 100% 99.97% 99.9% 99.7% 99.9% 99.9% 99.9% 100%
Desmin 100% 99.93% 99.9% 99.3% 100% 99.99% 100% 100%
COL1A1 99.8% 99.67% 86.8% 99.9% 92.3% 99.78% 99.4% 96%
CD45 1.19% 0.03% 1.41% 1.62% 1.21% 0.04% 1.44% 1.91%
CD31 2.36% 0.15% 1.56% 1.52% 1.45% 0% 1.41% 1.84%
CDl11b 1.28% 0.13% 1.42% 1.89% 0.92% 0.15% 1.44% 1.92%
HLA-DR/DQ/DP 0.94% 0.12% 1.7% 2.35% 1.29% 0.07% 1.33% 1.38%

FAP, fibroblast activation protein; FSP-1, fibroblast specific protein 1; a-SMA, Alpha smooth muscle actin;
COL1AL, collagen, type I, alpha 1 chain; HLA-DR/DQ/DP, human leukocyte antigen-DR/DQ/DP.

3.6 Single-Cell Sequencing and Proteomic Analysis of
HDF

Single-cell sequencing and proteomic analysis were
performed to characterize the phenotype and functions of
HDF further. UMAP clustering and subgroup feature anal-
ysis indicated that HDF derived from donor 1 and donor 3
exhibited identical subgroup feature distribution and gene
expression profiles (Fig. 6A,B), suggesting they belong to
the same cell class. The epidermis of the foreskin was re-
moved from the dermal tissue of donor 1, while the whole
foreskin tissue was directly digested in donor 3, omitting the
epidermis removal process. Through sc-RNAseq, we in-
vestigated whether the subtypes of cultured fibroblasts dif-
fered after the two kinds of digest process and found that the
harvested fibroblasts were identical. Consistent with pre-
vious findings (Fig. 3), these data further confirm that the
separation of the epidermis does not affect HDF character-
istics. The Violin Plot also showed that the gene expres-
sion levels of Tgfbl, Collal, Colla2, Col3al, Thyl (en-
coding CD90), S10044 (encoding FSP-1), Fnl (encoding
FIBRONECTIN), and Vim (encoding VIMENTIN) were
identical in HDFs derived from donor 1 and donor 3. These
results align with the flow cytometry analysis and qRT-PCR
results (Figs. 4,5,6C).

Post-cultured media was collected and sent for pro-
teomic analysis to identify proteins secreted by cultured
cells. Comparing this with the basal medium, we identified
3978 differentially expressed proteins, of which 2439 were
significantly up-regulated (Fig. 6D). These significantly
differentially expressed proteins were enriched in processes
such as peptide biosynthesis, cellular amide metabolism,
and macromolecule biosynthesis, highlighting fibroblasts’
ability to secrete proteins involved in various biological
processes (Fig. 6E). Additionally, a heatmap of fibroblast
markers confirmed that foreskin-derived HDF expressed all

10

fibroblast markers (Fig. 6F). Kyoto encyclopedia of genes
and genomes (KEGG) pathway analysis revealed that many
secreted cytokines were involved in pathways such as basal
transcription factors, sphingolipid metabolism, and protea-
some function, suggesting HDF’s potential for multiple
therapeutic functions (Fig. 6G).

3.7 The Xenoplastic Transplantation of HDF's in IVDD
Rabbits Mitigates Disc Degeneration

To evaluate the therapeutic effect of HDF on IVDD in
rabbits, we adapted the classical needle-puncture-induced
IVDD modeling method [27]. Using 20 G needles, we
punctured the center of the discs and rotated once. We then
injected either solvent alone, or 5 x 10° or 2 x 10 HDFs
into the rabbit discs using a micro-syringe. The therapeu-
tic effect of the HDF injection was assessed at 1, 3, and 6
months post-injection.

All animals were anesthetized for MRI and CT imag-
ing, after which the effectiveness of HDFs was evaluated.
MRI scan at 1, 3, and 6 months post operation (Post-OP
groups) showed a significant decrease in the enhanced sig-
nal (gray value) of Intervertebral Discs (IVDs) in the con-
trol group (punctured and solvent-injected IVDs), indicat-
ing progressive and severe degeneration (Fig. 7A,B). Over
time, the signal further decreased, while sham segments
showed no obvious IVD degeneration. In contrast, the
strengthened signal of the IVDs treated with puncture and
HDFs injection showed only a slight decrease within six
months. Over time, the rate of degeneration significantly
slowed, and the strengthened signal was maintained. This
indicates that HDF's injection partly mitigated the degenera-
tion of IVDs (Fig. 7A,B). Moreover, the Disc Height Index
(DHI) was maintained in HDF-treated IVDs compared to
the control group within six months (Fig. 7C). We previ-
ously reported that IVD instability leads to osteophyte for-
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Fig. 5. Positive and negative markers of human dermal fibroblast at P8. (A) Flow cytometry (FCM) analysis of positive markers

(CD105, CD73, CD90, vimentin, fibronectin, FSP-1, desmin, and COL1A1) in HDFs at passage 8 (P8). (B) FACS analysis of negative
markers (CD45, CD31, CD11b, and HLA-DR/DQ/DP) in HDFs at P8. ISO, isotype.

mation, and allogeneic transplantation of dermal fibroblasts
significantly reduced this in rabbits. In this study, CT scans
showed that xenoplastic transplantation of HDFs in IVDD
rabbits also inhibited osteophyte formation around the inter-

vertebral space, suggesting that HDF treatment helps main-
tain IVD stability (Fig. 7D,E).
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Histological analysis revealed the physiological
changes in IVDs. The results of H&E and Safranin O-Fast
Green (SOFG) histochemical staining showed that sham
IVDs had a well-structured internal nucleus pulposus
(NP) and external concentric annulus fibrosus (AF). In
contrast, punctured IVDs with solvent showed significant
loss of NP tissue and structural collapse. However, [VDs
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Fig. 6. Single-cell sequencing and proteomic analysis of HDF. (A) UMAP clustering of HDFs isolated from donors 1 and 3. (B)
Volcano plot comparing HDFs isolated from donors 1 and 3. (C) Violin plots of single-cell sequencing data showing expression levels of
COLIAI,COLIA2,COL3A41, FIBRONECTIN, FSP-1, THY-1,and VIMENTIN in HDFs isolated from donors 1 and 3. (D) Volcano plot of
proteomic analysis of HDFs. (E) Gene ontology (GO) enrichment analysis from proteomic data of HDFs. (F) Heatmap clustering based

on proteomic analysis of HDFs. (G) Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis from proteomic

data of HDFs.
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Fig. 7. The therapeutic effect of human dermal fibroblast on treating intervertebral disc degeneration (IVDD) rabbits. (A)
Magnetic resonance imaging (MRI) images of rabbit intervertebral discs (IVDs) from the Sham group, Puncture group, and Puncture +
Cell Treatment group at 1, 3, and 6 months. (B) Statistical analysis of gray values of rabbit [VDs in the Sham group, Puncture group,
and Puncture + Cell Treatment group at 1, 3, and 6 months. The significance is reflected in the comparison between each group and
the puncture group (n=15 at 1, 3 months; n=12 at 6 months). (C) Statistical analysis of disc height index (DHI) in rabbit IVDs from the
Sham group, Puncture group, and Puncture + Cell Treatment group at 1, 3, and 6 months. The significance is reflected in the comparison
between each group and the puncture group (n=15 at 1, 3 months; n=12 at 6 months). (D) Computed tomography (CT) images of
osteophyte formation in rabbit IVDs from the Sham group, Puncture group, and Puncture + Cell Treatment group at 3 and 6 months. (E)
Statistical analysis of osteophyte formation rates in rabbit IVDs from the Sham group, Puncture group, and Puncture + Cell Treatment
group at 3 and 6 months. ns > 0.05; *p <0.05; **p < 0.01; ***p < 0.005; ****p < 0.0001. Post-OP, post operation.
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Table 2. Body temperature.

Temperature (°C)  D-1 D1 D3 D5 D8 D15 D22 D29
1MO001 387 373 371 376 385 38.6 37.8 382
1F001 38.8 371 37.8 389 387 381 382 389
2MO001 39.1 384 378 38.6 384 387 386 39.1
2F001 383 360 38.0 367 382 385 378 374

Table 3. Blood coagulation index.

L APTT (s) APTT (s) APTT (s) PT (s) PT(s) PT(s) FbgC.(g/L) FbgC.(g/L) FbgC.(g/L)
Blood coagulation index
D-1 D5 D29 D-1 D5 D29 D-1 D5 D29
1MO001 22.80 22.50 23.10 8.10 790 8.10 2.23 2.96 2.12
1F001 22.50 22.50 23.50 730 7.20 7.30 1.86 223 1.69
2M001 26.40 23.50 24.90 8.10 8.10 8.10 1.97 2.29 1.97
2F001 23.80 23.10 24.50 8.00 8.00 820 2.66 3.21 3.49

APTT, activated partial thromboplastin time; PT, prothrombin time; Fbg C, fibrinogen C.

treated with HDF maintained a relatively intact structure
and did not collapse (Fig. 8A,B). Measuring the height of
the IVDs revealed that punctured IVDs with solvent were
significantly reduced in height. Meanwhile, the height of
HDF-treated IVDs was dose-dependent, corresponding to
the amount of HDFs injected (Fig. 8C).

3.8 The Xenoplastic Transplantation of HDF's Increased
Disc Fibrosis in Cynomolgus Monkeys

Cynomolgus monkeys (Macaca fascicularis) share
significant genetic and physiological similarities with hu-
mans. To prepare for potential Good Laboratory Practice
(GLP) experiments and clinical tests of human dermal fi-
broblast injection (FibroCell™), we injected 3 x 10° and
1.2 x 107 cells per IVD in four Cynomolgus monkeys (two
low dose and two high dose, Fig. 9). We then monitored
their daily status and blood biochemistry for four weeks.
No deaths or obvious toxic reactions related to the test sub-
stance were observed in any group. Additionally, there
were no substantial abnormalities related to the test sub-
stance in food intake, hematology, hemagglutination, blood
biochemistry, urinalysis, cytokine levels, organ weight and
coefficient, general observation, and histopathological ex-
amination of the administration site (Tables 2,3,4,5,6,7,
BQL in Table 5 indicates below the detection limit).

After four weeks, the animals were ecuthanized.
Anatomical observations revealed no abnormalities related
to FibroCell™ injection. One control disc and one HDF-
injected disc were removed from each monkey, and the nu-
cleus pulposus (NP) and annulus fibrosus (AF) were sepa-
rated for RNA sequencing. Comparison of RNA sequenc-
ing data from injected and non-injected IVDs showed no
significant change in fibrotic gene expression in the injected
and non-injected AF tissues, indicating that FibroCell™
injection mainly affects NPs. Most fibrosis genes in NP
tissues at the injection site were significantly up-regulated
compared to the non-injection site. This indicates that HDF
injections induce fibrosis in NP tissues, potentially provid-
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Table 4. Electrocardiogram data.

Day AnimalID PR QRS QT RR HR
D-1 2MO001  0.08 0.04 0.17 026 230
D-1 2F001 006 004 018 024 250
D-1 1IM001 007 004 015 024 250
D-1 1F001 008 004 020 028 218
D1 IM0O01 007 004 019 027 232
D1 1F001 0.07 0.04 020 026 234
DI 2M001  0.08 004 0.17 025 237
DI 2F001 0.08 004 021 028 216
D28 IMO0O1  0.08 0.04 0.6 024 245
D28 1F001 0.08 004 020 024 227
D28 2MO001  0.08 0.04 0.16 024 239
D28 2F001 008 004 016 024 227

ID, identity document; PR, P-R interval; QRS, QRS wave com-
plex; QT, Q-T interval; RR, Respiratory Rate; HR, heart rate.

ing structural support (Fig. 9). These findings offer strong
evidence for studying the mechanism and safety of HDF
injection in treating IVDD.

4. Discussions

Currently, the primary treatment for degenerative disc
disease involves conservative methods, often supplemented
by surgical interventions. Conservative treatment primar-
ily encompasses drug therapy (primarily for pain relief),
lumbar fixation, physical therapies such as traction mas-
sage, and “closed” treatment. Surgical treatment is neces-
sary when conservative methods are ineffective, if there is
neurological deterioration (such as muscle strength decline,
atrophy, etc.), or even cauda equina syndrome (perineal
numbness, urination, and defecation disorders). Surgical
interventions are typically designed to maintain the stability
of the intervertebral space and alleviate severe neurological
symptoms. This often includes discectomy and interbody
fusion. However, nucleus pulposus removal may pose the
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Fig. 8. The histological analysis of intervertebral discs after treatment. (A) Hematoxylin and eosin (H&E) staining of rabbit IVDs
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Table S. Inflammatory cytokine level.

IFN-y IL-2 IL-6 TNF-« IFN-y IL-2 1IL-6 TNF-«
1F001 BQL BQL BQL BQL 1F001 BQL BQL BQL BQL
Pre-injection 1M001 BQL BQL 331 BQL 4h 1M00I BQL BQL 3.8 BQL
2F001 BQL BQL 5.60 BQL 2F001 BQL BQL 293 BQL
2M001 BQL BQL 1.53 BQL 2M001 BQL BQL 1.12 BQL
IFN-y IL-2 IL-6 TNF-« IFN-y IL-2 1IL-6 TNF-«
1F001 BQL BQL BQL BQL 1F001 BQL BQL BQL BQL
24h IM0O01 BQL BQL BQL BQL D29 1M001 BQL BQL BQL  BQL
2F001 BQL BQL BQL BQL 2F001 BQL BQL BQL BQL
2MO001 BQL BQL BQL BQL 2MO001 BQL BQL BQL BQL
IFN-+, interferon-v; BQL, below the quantization limit; TNF-«, tumour necrosis factor-alpha.
Table 6. Organ coefficient.
Liver (with . . . .
Heartbrain (%) gallbladder) Sp.leen/ Kl.dney/ Th}./mus/ Rem?apsule/ Thyr01'd & pa'rathyro1d
. brain (%)  brain (%) brain (%) brain (%) bodies/brain (%)
brain (%)
1MO001 16.2158 70.3583 4.4470 16.6549 6.5855 0.8214 0.6231
1F001 23.9379 109.3849 3.9949 25.3171 1.9023 0.8402 0.6975
2MO001 25.1690 99.7695 4.7173 22.2803 2.1973 1.0910 0.4610
2F001 18.4814 87.7587 3.9637 19.2455 2.8972 0.9710 0.3025
Table 7. Blood biochemical index.
Blood biochemical AST AST CK CK ALP ALP UREA UREA LDH LDH CRP CRP
index (u/L) (@U/aL) (WL (WL (@L) (UL (MmM) (mM) (UL) (U/L) (mglL) (mglL)
D-1 D29 D1 D29 D1 D29 D-1 D29 D-1 D29 D-1 D29
1MO001 56.2 57.4 286 312 469.8 376.5 7.62 6.10 763 756 3.0 22
1F001 64.6 34.8 405 120 1274  85.6 597 3.68 945 543 5.5 1.5
2MO001 55.1 55.2 159 153 3993  318.6 7.16 5.93 682 615 2.6 23
2F001 60.7 54.8 287 245 188.3  202.4 6.24 5.44 732 558 1.1 1.3

AST, aspartate aminotransferase; CK, creatine kinase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; CRP, c-reactive protein.

risk of recurrent disc herniation and could potentially lead
to a loss of intervertebral space height over time. Interver-
tebral disc fusion necessitates the sacrifice of the patient’s
lumbar spine activity and may accelerate the degeneration
of adjacent intervertebral discs due to the increased biome-
chanical load.

Although current treatment methods can alleviate
pain, they are unable to supplement the extracellular matrix
of the intervertebral disc, repair damaged AF and NP tis-
sue, restore the height of the intervertebral disc, or inhibit
inflammation within the intervertebral disc. Consequently,
these methods cannot cure disc degeneration. The compli-
cations and disadvantages are evident, and there are few al-
ternative treatments for patients who have failed conserva-
tive treatment for degenerative disc disease. Given the un-
met clinical application needs and market gaps, fibroblast
therapy emerges as a promising approach to manage disc
degeneration and effectively address the mid-stage of disc
degenerative diseases.

Our team specializes in non-surgical treatments for
IVDD. Through extensive clinical cases and histological

16

examinations, we found that elevated pro-fibrotic mark-
ers in IVDD patients’ tissues and the long-term progno-
sis of PELD are linked to the disc fibrosis level. At a
cell-biological level, nucleus pulposus cells are induced to
adopt a pro-fibrotic phenotype, increasing the expression of
fibrotic markers such as COLlal, COL3al, VIMENTIN,
FSP1, among others. Chemicals like bleomycin and pre-
fibrotic cell types, such as fibroblasts [20], intensify the fi-
brosis phenotype in degenerative discs, thereby maintain-
ing the stability of degenerative intervertebral discs and re-
ducing osteophytes in the long term [21]. Fibroblast injec-
tion offers a promising direction for treating intervertebral
space-derived lumbar degenerative diseases.

In this study, we undertook a QbD project to develop
a human dermal skin-derived allogeneic fibroblast injec-
tion called FibroCell™. To achieve this, we initially ex-
amined the isolation method of human dermal fibroblasts.
We then tested several animal-component-free serums as al-
ternatives to FBS and selected seven basal media to deter-
mine the most suitable cultural media for human foreskin-
derived fibroblasts (Figs. 1,2). We found that hPL is the op-
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Fig. 9. HDF injection increased disc fibrosis in cynomolgus monkeys. (A) Vertical and lateral views of HDF injection in cynomolgus
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timal FBS substitute for HDF, and DMEM with high glu-
cose was confirmed as the best basal medium. The sup-
plement concentration was adjusted, with HDF cultured
in DMEM with 7.5% hPL yielding the highest cell count
with the shortest doubling time (Fig. 2E,F). The seeding
cell numbers ranged between 14,000/cm? and 18,000/cm?
(Fig. 2G-1). Additionally, 75% CS-10 + 10% HSA + 15%
NaCl (v/v) was identified as the best freezing solution for
HDF (Fig. 2J,K). Furthermore, the proliferation rate, gene
expression levels, and protein markers of all 8 donors of
HDF were consistent (Figs. 3.,4,5), regardless of whether
the epidermis was removed or not, indicating that our pro-
duction methods are reliable. Single-cell sequencing and
proteomic analysis have confirmed the purity of HDF. Ad-
ditionally, these analyses have identified the involvement
of numerous cytokines in the treatment of various diseases
(Fig. 6).

Therefore, we developed a GMP-compliant proce-
dure to produce clinical-scale human dermal-skin-derived
fibroblast and validated the process stability through eight
small-scale batches. The cell characteristics and qual-
ity control were assessed using qRT-PCR, FACS analy-
sis, and single-cell sequencing. The therapeutic effects
of FibroCell™ were demonstrated using a stress-induced
IVDD model in New Zealand rabbits (Oryctolagus cunicu-
lus) (Figs. 7,8). Safety tests were conducted in Cynomolgus
monkeys (Macaca fascicularis) (Fig. 9). Results showed
that, six months post-injection, HDF restored IVD signal,
maintained DHI, and reduced osteophyte formation. The
primary mechanism involves secreting extracellular matrix
(ECM) and inhibiting degeneration-induced inflammation
and neuron formation (data not shown). Further exper-
iments, such GLP experiments, should be conducted us-
ing larger animal models to further evaluate the safety and
therapeutic effects of HDF injection. This will provide a
stronger foundation for advancing these cells to clinical tri-
als.

Cell therapy for IVDD mainly includes fibroblasts
and mesenchymal stem cells (MCSs). Although MSCs are
widely used and many positive studies are showing that they
are promising in the treatment of IVDD [28-30], the short
duration of MSCs and the lack of long-lasting efficacy of
MSCs are the main challenges in the hypoxic and inflam-
matory environment. In addition, MSCs only exert a medic-
inal effect by inhibiting intervertebral disc inflammation,
while fibroblasts can not only inhibit inflammation (data
not shown), but also restore intervertebral disc height and
stability through fibrosis repair, and play a role in structural
support.

Our team previously reported that the expression of
fibrosis genes in the nucleus pulposus tissue of patients un-
dergoing nucleus pulposus extraction surgery (PELD) in-
creased and that the prognosis of PELD patients was di-
rectly related to the degree of intervertebral disc fibrosis
[31]. That clinical phenomenon suggests that the long-term
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prognosis of patients undergoing nucleus pulposus extrac-
tion surgery may be related to the degree of intervertebral
disc fibrosis, and the concept of fibroblast-induced degener-
ative disc fibrosis to maintain the height and stability of the
intervertebral disc was proposed [20,21]. Our project trans-
lates this research into the development of FibroCell prod-
ucts based on the QbD concept for the treatment of degener-
ative disc diseases. Our team has initiated an investigator-
initiated trial in Shanghai, China, and the majority of the
twelve volunteers reported relief of low back pain, which
might be related to the enhanced fibrosis and structural sup-
port of degenerative discs. These clinical data will be re-
ported after follow-up.

5. Conclusions

In this research, we launched a quality-by-design
(QbD) project focusing on human dermal fibroblasts to de-
velop a novel human allogenic fibroblast injection. We
then explored its therapeutic effects on treating IVDD in
rabbits. Signal pathway analysis in cynomolgus mon-
keys suggested that the primary mechanism involves pro-
moting disc fibrosis. Therefore, this study demonstrated
the feasibility and cost-effectiveness of manufacturing
FibroCell™, a foreskin-derived human dermal fibroblast
injection. FibroCell™ shows promise as a cell-based ther-
apy for IVDD treatment.
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