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Abstract

Background: Intervertebral disc (IVD) degeneration is a major contributor to low back
pain (LBP), yet there are no clinical therapies targeting the underlying pathology. The
annulus fibrosus (AF) plays a critical role in maintaining IVD structure/function and
undergoes degenerative changes such as matrix catabolism and inflammation. Thus,
therapies targeting the AF are crucial to fully restore IVD function. Previously, we
have shown nonviral delivery of transcription factors to push diseased nucleus pulpo-
sus cells to a healthy phenotype. As a next step in a proof-of-concept study, we
report the use of Scleraxis (SCX) and Mohawk (MKX), which are critical for the devel-
opment, maintenance, and regeneration of the AF and may have therapeutic poten-
tial to induce a healthy, pro-anabolic phenotype in diseased AF cells.

Methods: MKX and SCX plasmids were delivered via electroporation into diseased
human AF cells from autopsy specimens and patients undergoing surgery for LBP.
Transfected cells were cultured over 14 days and assessed for cell morphology, via-
bility, density, gene expression of key phenotypic, inflammatory, matrix, pain markers,
and collagen accumulation.

Results: AF cells demonstrated a fibroblastic phenotype posttreatment. Moreover,
transfection of SCX and MKX resulted in significant upregulation of the respective
genes, as well as SOX9. Transfected autopsy cells demonstrated upregulation of core
extracellular matrix markers; however, this was observed to a lesser effect in surgical
cells. Matrix-degrading enzymes and inflammatory cytokines were downregulated, sug-
gesting a push toward a pro-anabolic, anti-inflammatory phenotype. Similarly, pain
markers were downregulated over time in autopsy cells. At the protein level, collagen
content was increased in both MKX and SCX transfected cells compared to controls.
Conclusions: This exploratory study demonstrates the potential of MKX or SCX to

drive reprogramming in mild to moderately degenerate AF cells from autopsy and
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severely degenerate AF cells from surgical patients toward a healthy phenotype and

may be a potential nonviral gene therapy for LBP.
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1 | INTRODUCTION

Low back pain (LBP) is a leading cause of global disability with rising
prevalence, and it is estimated that approximately 80% of the popula-
tion suffers from LBP in their lifetime.2™2 Intervertebral disc (IVD)
degeneration is a significant contributor to LBP, accounting for 40%
of all LBP cases.*® Yet, current clinical therapies fail to target the
pathophysiology associated with IVD degeneration and rely on anal-
gesics, physical therapy, and surgical interventions aimed at alleviating
pain-related symptoms.®~® This ultimately leads to temporary relief
from pain but does not address the underlying causes of IVD degener-
ation. Thus, biological interventions that both alleviate the pain and
restore healthy structure/function to the IVD are crucial.

The healthy IVD functions to provide the spine with mobility and
load-bearing properties. Its structure is comprised of a gelatinous central
nucleus pulposus (NP), a surrounding annulus fibrosus (AF), and superior
and inferior cartilage endplates (CEP).” Significantly, the outer AF plays
critical roles in anchoring the IVD to adjacent vertebral bodies and
resisting pressurized loads, and tensile stresses placed on the spine.2%!
The AF consists of an aligned matrix of collagen | and elastin network
that compartmentalizes the collagen bundles, contributing to its
mechanical properties in the healthy IVD.'? The SRY-Box transcription
factor 9 (SOX9), a chondrocyte marker, is also upregulated in the AF and
contributes to the formation of the inner AF.*® Notably, transcription
factors such as Mohawk (MKX) and Scleraxis (SCX) are upregulated in the
healthy AF and regulate gene expression including functions associated
with development, maintenance, and regeneration.2**> MKX expression
has been found in the outer AF and viral transfection of MKX into mes-
enchymal stem cells leads to regeneration of AF defects along with col-
lagen fibril formation.!>1® SCX has been shown to promote tendon
maturation and be a potential driver of AF regeneration as evidenced by
lineage tracing in mice with herniation injuries.”"*8

In the diseased IVD, the structural composition of the AF becomes
disorganized, leading to altered cell alignment and susceptibility to rup-
ture.101? Degeneration leads to increased catabolic responses in the AF,
including degradation of interconnecting elastin networks, upregulation
of matrix degradation enzymes such as metalloproteinases (MMPs) and A
disintegrin, and metalloproteinase with thrombospondin type | motifs
(ADAMTS), and expression of increased inflammatory cytokines such as
interleukins and tumor necrosis factor-alpha.?°=2% This combination of
matrix degradation and inflammation provides a permissive environment
for nerve and vascular ingrowth into the AF, which has been associated
with pain. Downregulation of MKX in AF cells decreases collagen expres-
sion, the expression of small leucine-rich proteoglycans such as biglycan,
and other tendon/ligament-related genes (i.e., tenomodulin [TNMD],

collagen 14, SC 15 Meanwhile, downregulation of SCX is associated
with a reduction in TNMD, which is critical for the inhibition of angiogen-
esis and protection against VD degeneration.8242>

However, despite the critical role of AF in IVD function and LBP,
there are limited studies regarding the AF and its targets to restore
structure and function to the disc joint. SCX and MKX, as previously
described, play critical roles in the AF and AF-like tissues such as ten-
don, and have been used to promote AF regeneration/repair and to pro-
mote an AF-like phenotype in stem cells.*>2%"2? Yet, no studies assess
the effects of MKX and SCX on mature somatic diseased AF cells and
whether these factors can drive reprogramming to a healthy phenotype.

Currently, therapies targeted toward regenerating the IVD or AF
include cell therapy-based approaches and the implementation of
polymeric scaffolds such as fibrin-genipin, polyglycolic acid, polyca-
prolactone, and poly(L-lactic) acid, which have shown various degrees
of success.>°32 However, there are still significant limitations with
these methods, including limited cell retention and viability, and scaf-
fold protrusion/re-herniation.3-3¢ Viral gene therapies have also
been proposed to target the IVD, but risk the potential of mutagenesis
and unwarranted immune responses.>’ %% To overcome these limita-
tions, nonviral transfection methods (e.g., electroporation-based
approaches and nanocarriers) have been proposed as safer nonviral
gene delivery systems for genetic cargo such as transcription fac-
tors.*© Recently, studies have proposed the use of direct cell repro-
gramming as a promising strategy to redirect the phenotype of adult
somatic cells using specific combinations of transcription factors.**#2
Furthermore, recent work from our group has demonstrated success-
ful reprogramming of degenerate human NP cells toward a healthy
pro-anabolic anti-catabolic phenotype mediated by the developmental
transcription factors Brachyury or FOXF1. Thus, we propose applying
this concept to human AF cells using MKX or SCX to promote a
healthy pro-anabolic phenotype in diseased AF cells.*3~4°

Therefore, the overall goal of this proof of concept study was to
assess the therapeutic effect of nonviral delivery of MKX or SCX to
diseased human AF cells, to promote a healthy pro-anabolic cell phe-
notype. We hypothesized that transfection of MKX or SCX can
increase phenotypic marker expression and collagen protein content,
as well as decrease catabolic enzyme expression and secretion of

inflammatory cytokines, leading to a healthier IVD.

2 | METHODS

All reagents used in this study are from Thermo Fisher Scientific or

Sigma Aldrich unless otherwise stated. Percentages of reagents (%) in
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TABLE1 Auto!:)sy and surgical Sample ID Surgical/autopsy Level Age Sex Thompson grade average
sample demographics.

Hul3 Autopsy L3/L4 30 Female 2.5

Hulé Autopsy L3/L4 19 Female 2.25

Hu19 Autopsy L3/L4 33 Male 15

Hu23 Autopsy L1/L2 42 Female 2.5

HuS-11 Surgical L5/51 28 Male N/A

HuS-29 Surgical L5/S1 70 Female N/A

HuS-48 Surgical L5/51 22 Male N/A

HuS-49 Surgical L5/S1 64 Male N/A

methods are % volume/volume and indicated in the manuscript as

“V/V.”

2.1 | AF cellisolation from human IVDs

Autopsy lumbar spines were obtained through the Cooperative Human
Tissue Network (IRB exempt) within 24 h postmortem, and IVDs were iso-
lated, blinded, and graded according to the Thompson scale by two or
more investigators (Table 1). Outer AF tissue (N = 4) was dissected out
with ambiguous NP-AF and AF-CEP interfaces removed to avoid contami-
nation by NP or CEP cells. AF cells were isolated using 0.03 g/mL protease
(Cat: P5147-1G) in digestion media (DMEM [4.5 g/mL glucose], 1% peni-
cillin/streptomycin [P/S, v/v], 0.5% Fungizone [v/v]) for 1 h at 37°C fol-
lowed by 0.03 g/15 mL collagenase | (C2674-500MG) in digestion media
for 4 h at 37°C and strained through a 70 um cell strainer and plated for
expansion. Surgical AF tissue (N = 4) was obtained from patients undergo-
ing microdiscectomy at The Ohio State University Wexner Medical Center
(IRB: 2015H0385) with cells isolated as described above. Autopsy AF cells
were used as a moderately degenerate group (Thompson Grade < 3),
while surgical cells were considered severely degenerate, as these cells
were obtained from patients undergoing surgery for severe cases of LBP

untreatable with analgesics or physical therapy.

2.2 | Cell expansion

AF cells were expanded in disc cell media (DMEM [4.5 g/mL glucose],
10% FBS [v/v], 1% P/S [v/v], 0.5% Fungizone [v/v], 50 ug/mL ascor-
bic acid) in standard culture conditions and fed every 3 days until 80%
confluency for downstream transfection as previously described.*>#*
Posttransfection (passage 2), cells were plated at a cell density of
~1.3 x 10° cells/cm? and fed with antibiotic-free disc cell media for

48 h before feeding with disc cell media with antibiotics for 2 weeks.
2.3 | MKX and SCX transcription factor plasmid
preparation and isolation

Transformation of DH5a competent bacterial cells was completed to

generate DNA from plasmids encoding for human MKX and SCX, as

well as the control vector pCMV6-GFP (i.e., empty vector with the
same backbone). All the plasmids were purchased from OriGene and
are listed in Table 2. The plasmid isolation and purification were car-
ried out using the ZymoPURE™ Il Plasmid Miniprep Kit (Zymo
Research, D4201), following the procedure described by the manufac-
turer. DNA concentration and quality were measured by spectropho-
tometry using a Nanodrop 2000c Spectrophotometer.

24 | Nonviral MKX and SCX transfection

Nonviral cell transfection of human AF cells (N = 4, pooled) from sur-
gical and autopsy samples was performed using a Neon transfection
system. Once the cells (passage 1) reached ~80% confluency, they
were detached and resuspended at a final concentration of 1.0 x 10*
cells/mL in electrolytic buffer. Briefly, the system implements an elec-
tric field (1 pulse of 1425V for 30 ms) which transiently porates the
cell membrane and facilitates plasmid delivery into the cells as shown
in Figure 1. Cells were transfected with plasmids encoding for MKX
and SCX at two different concentrations (0.05 and 0.1 pg/uL; N = 6
transfection replicates). The SHAM vector pCMV6-GFP was used as
control at the same concentrations (0.05 and 0.10 pg/uL; N = 4 trans-
fection replicates).

2.5 | Dependent variables

Cells were collected up to 2 weeks after transfection and morphology
(48 h), gene expression (48 h, 7 days, 14 days), and collagen content
(7 and 14 days) were characterized.

2.51 | Cell viability, density, and morphology

To measure cell viability, cultured cells were washed with 1x PBS twice
and stained with Calcein (1:1000, Cat# C1430) for 10 min. The cells
were then washed with 1x PBS twice and fixed in 10% neutral buff-
ered formalin for 10 min at room temperature, washed with PBS again,
and followed by 0.1% Triton X-100 in PBS for 20 min to permeate the
cells. After permeation, the samples were washed with PBS before add-
ing Phalloidin (1:400, Cat# R415) to visualize actin and Hoechst
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TABLE 2 Plasmids used in the study.
Plasmid Species CAT # Size (kb) Antibiotic resistance Vector
pCMV6 (SHAM) NA PS100010 6.6 Ampicillin (100 pg/mL) pCMV6-AC-GFP
Mohawk homeobox Human RG206923 7.6 Ampicillin (100 pg/mL) pCMV6-AC-GFP
Scleraxis (SCXA) Human RG224305 7.2 Ampicillin (100 pg/mL) pCMV6-AC-GFP
- - ~ TABLE 3 Tagman gene expression assay information.
1. Expansion of plasmids (MKX, SCX, or pCMV6)
o Primer TagMan assay ID
N
| R > D} . \:\ Mohawk Hs00543190_m1
( ) Scleraxis Hs03054634_g1
. Plasmids
Bacterial Culture Elastin Hs00355783_m1
IL-1p5 Hs00174097_m1

\: 2. Bulk electroporation of AF cells

e} 5
/AN e V2N
L, 7oy 00°
. %O O/ — o
O =2

Human AF cells Electrophoresis of plasmids through

lipid membrane

[ 3. Cell culture in 24-well Plates j\

Cell Viability

Cell Density

Cell Morphology

Gene Expression
| | |
! ! 1

48 Hours 7 Days 14 Days

« Gene Expression
« Collagen Accumulation

FIGURE 1 Schematic of the research design with (1) expansion of
plasmids (Mohawk [MKX], Scleraxis [SCX], or pCMVé) via bacterial
culture followed by (2) nonviral bulk transfection of 0.05 or 0.10 pg/
UL doses of MKX, SCX, or the respective pCMVé plasmids and

(3) seeding for downstream assessments of cell viability, cell density,
morphology, gene expression, and collagen accumulation over

14 days.

(1:2000, Cat# H1399) for nuclei, and let to incubate at room tempera-
ture for 30 min before imaging at 20x and 10x using a fluorescent
Nikon inverted Ti-Eclipse microscope. Images were then quantified for
viability as the number of viable cells (Calcein) over the total number of
cells (Hoechst), and for density as the number of cells (Hoechst) per
image field. Cellular morphology was assessed via qualitative observa-

tions to account for over confluent regions in the samples.

2.52 | Gene expression

mRNA from the samples was isolated using the Trizol Plus RNA Purifi-
cation Kit (Cat# 12183555). Briefly, cells were digested in 1 mL of Tri-
zol and 0.2 mL of chloroform was added for phase separation.
Seventy percent ethanol (v/v) was added to the clear phase at a 1:1
ratio and binding, washing, and elution of RNA was completed per

manufacture protocol. cDNA was synthesized with Maxima H Minus

IL-6 Hs00174131_m1
MMP1 Hs00899658_m1
MMP2 Hs01548727_m1
NGF Hs00171458_m1

BDNF Hs03805848_m1
Biglycan Hs00959143_m1
ADAMTS6 Hs01552731_m1
SOX9 Hs00165814_m1
18S 4333760F

Mastermix (Cat: M1662) per manufacture protocol. RT-gPCR was run
on 384 well plates as previously described with the primers listed in
Table 3.43** Gene expression data were analyzed via the comparative
2724% method normalized to 185 and presented as fold change with

respect to SHAM.*¢

2,53 | Collagen content

Total collagen content was assessed using the soluble Sircol assay
(BioVendor, Cat#51000) per manufacturer's protocol. Briefly, cells were
collected from each sample using 0.25% trypsin and pelleted with
media aspirated. Two hundred microliters of 0.1 mg/mL Pepsin in
0.5 M acetic acid were then added to each pellet and placed at 4°C
with mechanical agitation to let digest overnight. 100 pL of the digest
was transferred to a new tube with 1 mL of Sircol Dye reagent added
and mechanically agitated for 30 min to form a collagen dye complex
precipitate. Tubes were then spun down at 13 000xg for 10 min and
drained to remove residual unbound dye. Before adding alkali reagents,
750 uL of ice-cold acid salt wash reagent was layered onto each pellet
for washing. The samples were measured using a spectrometer for

overall collagen content (no specificity in collagen type).

2.54 | Statistical analysis

All data were analyzed using Excel with statistical analysis and graph

construction completed with GraphPad Prism Software. For gene
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Autopsy

0.05 pg/puL pCMV6 0.05 pg/pL MKX 0.10 pg/puL MKX 0.10 pg/pL SCX

No Transfection

0.10 pg/puL pCMV6

0.05 pg/pL SCX
@ o .

Actin/ Nucleus

- == ==========---cellular Morphology

‘ 100 ym !‘!

No Transfection 0.05 pg/pL pCMV6 0.10 pg/uL pCMV6 0.05 pg/uL MKX 0.10 pg/puL MKX 0.05 pg/pL SCX 0.10 pg/pL SCX

Surgical

Actin/ Nucleus

FIGURE 2 Cellular morphology at 48 h posttransfection as indicated by phalloidin staining (red) of cellular actin with Hoechst nuclei staining
(blue). The top row represents autopsy cells while the bottom row represents surgical cells for nontransfected control, 0.05 pg/uL SHAM,
0.10 pg/pL SHAM, 0.05 pg/uL MKX, 0.10 pg/uL MKX, 0.05 pg/uL SCX, and 0.10 pg/uL SCX (scale bar = 100 microns).

expression and cell density/viability data, significant differences
between each group over time were assessed using a Kruskal-Wallis
test with alpha = 0.05 where a p-value of p < 0.05 was considered to
be statistically significant. A Kruskal-Wallis test was used as the data
not being normally distributed after confirmation with a Shapiro-
Wilks test. The effect of time and treatment on collagen accumulation
was assessed using a multilinear model accounting for the small sam-
ple size and nonparametric data with effects and interactions of time
(48 h, 7 days, 14 days), treatments, and interactions of time x treat-
ment. Data throughout the manuscript are represented as mean and
standard deviation (SD) as described in each figure legend. All figures
include N = 4 for SHAM groups and N = 6 for MKX and SCX trans-
fected groups, respectively with error bars representing SD.

3 | RESULTS

3.1 | Cell viability, density, and morphology

Qualitative assessment of cell morphology via phalloidin staining of
cellular actin exhibited elongated fibroblast-like morphology in all
groups including nontransfected control, SHAM (0.05, 1.0 pg/uL), and
MKX and SCX transfected groups (Figure 2). Cell viability at 48 h,
quantified via live cells over the total number of cells, showed a high
percentage of viable cells with no significant differences between
experimental groups in both autopsy (average = 89%) and surgical
(average = 88%) cells (Figure 3). Cell density quantified via the total
number of cells within the imaged field was significantly lower for sur-
gical cells transfected with 0.10 ug/uL MKX (39.8 cells/field,

p = 0.0225) and 0.10 pg/uL SCX (35.5 cells/field, p = 0.0094) com-
pared to those transfected with 0.05 pug/uL SHAM (82.0 cells/field).
In addition, surgical cells transfected with 0.10 pg/puL SCX had lower
cell density compared to those transfected with a low dose (0.05 pg/
pL) of MKX (70.0 cells/field, p = 0.0264) and SCX (75.3 cells/field,
p = 0.0195). Autopsy cells transfected with a high dose (0.10 pg/ulL)
of SCX had higher cell density compared to those transfected with a
low dose (0.05 pg/uL) of SHAM (p = 0.0170; Figure 3).

3.2 | Gene expression
Gene expression data are presented as a fold change for each group

with respect to their respective SHAM dose at each time point.

3.21 | Transcription factors

MKX gene expression was significantly upregulated at 48 h for both
doses of MKX, with a fold change of 9.6 and 19.2 for autopsy cells
and a fold change of 41.4 and 119 for surgical cells transfected with
0.05 pg/pL and 0.10 pg/uL MKX, respectively, compared to SHAM
and SCX transfection (Figure 4A, p < 0.05). MKX gene expression
was significantly upregulated at 7 days, with a fold change of 2.6 in
autopsy and 4.2 in surgical cells with 0.10 pg/pL of MKX compared
to 0.05 pg/uL of MKX or SCX (p < 0.05). At 14 days, no differences
were observed in MKX expression. Meanwhile, SCX gene expression
was significantly upregulated in both autopsy and surgical cells with
SCX transfection at both doses; fold changes of 175 and 691 for
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autopsy and 518 and 3529 for surgical cells were noted compared
to SHAM and transfection with MKX at 48 h (Figure 4B, p < 0.01).
At 7 days, SCX transfection with 0.05 pg/plL significantly increased
SCX expression compared to SHAM and MKX for autopsy cells with
a fold change of 45.9 and both doses of SCX transfection increased
SCX expression with fold changes of 42.3 and 183 in surgical cells
compared to SHAM and MKX (p < 0.05). At 14 days, there was a
significant increase in SCX expression at 0.05 pug/uL SCX with a fold
change of 16.7 compared to SHAM for autopsy cells (p = 0.0319)
and significant increases in SCX expression at both doses of SCX
with fold changes of 9.1 and 22.7 in surgical cells compared to
SHAM and MKX treatment (p < 0.05). Moreover, SOX9 was signifi-
cantly upregulated with a fold change of 269 at a dose of 0.10 pg/
uL MKX, a fold change of 393 at a dose of 0.05 pug/uL SCX, and a
fold change of 159 for the 0.10 pg/pL SCX group at 14 days in
autopsy cells compared to SHAM groups (Figure 4C, p < 0.05). In
surgical cells, MKX and SCX transfection at all doses and time points
significantly upregulated SOX9 expression compared to SHAM
groups with fold changes of 1698, 1295, 284, and 566 for 0.05 ug/
uL MKX, 0.10 pg/pL MKX, 0.05 pg/pL SCX, and 0.10 pg/pL SCX

FIGURE 3 (A) Cell viability of
(A) Ceu V|ab|||ty autopsy and surgical cells
posttransfection of Mohawk
150+ Autopsy 150 Surgical (MKX) and Scleraxis (SCX),
0 0 respectively quantified by the
E 8 number of live cells over total
> 1004 2T 100+ cells. (B) The cell density of
% ;§' B '_g RS T = =T 1w autopsy and surgical cell
8% g I posttransfection with MKX and
;>2 § 50— 2 E 50 SCX, respectively quantified as
e ¢ the number of cells per imaged
r ) field. The dashed line represents
0- 0 I T r nontransfected control
vss vsx 43‘ p- o-\- 0—\. thresholds. *p < 0.05; **p < 0.01.
X & ¥ § & 2o
¥ Yy QY
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= [
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Q-Q{o Q’-\Q > o o o Q-Q Qt\ d° o O °

respectively at 48 h. Fold changes at 7 and 14 days were 1000,
494, 895, 433 and 317, 233, 839, and 202, respectively.

3.2.2 | ECM phenotypic markers

In autopsy cells, elastin gene expression was significantly upregulated
in 0.05 pg/uL SCX transfected groups at 48 h with a fold change of
3.29 and both doses of SCX at 14 days with a fold change of 4.7 and
2.9 respectively, compared to SHAM or MKX transfection groups
(Figure 5 A, p < 0.05). Elastin was also upregulated in 0.05 pg/pL MKX
transfected groups at 7 days with a fold change of 4.3 compared to
SHAM or SCX transfection groups (Figure 5A, p = 0.0036). However,
in surgical cells, elastin was significantly downregulated in 0.05 ug/pL
MKX, 0.10 pg/pL MKX, and 0.05 pg/uL SCX groups with fold changes
of —4.61, —3.31, and —7.06, respectively, at 7 days. At 14 days,
0.05 pg/pL doses of MKX and SCX had downregulated elastin with
fold changes —11.3 and 4.37 compared to SHAM and higher doses
(p < 0.05). Biglycan expression was significantly upregulated in
0.10 pg/uL MKX, 0.05 pg/uL SCX, and 0.10 pg/pL SCX groups with
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FIGURE 4 Transcription factor gene expression: (A) Mohawk (MKX), (B) Scleraxis (SCX), and (C) SOX9 gene expression normalized to
respective SHAM groups for SCX and MKX transfected cells at 48 h, 7 days, and 14 days, respectively, for (right) autopsy and (left) surgical cells.
#p < 0.05 compared to SHAM (pCMVé); #p < 0.01; ##p < 0.001; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

fold changes 7.74, 7.67, and 4.97, respectively, at 14 days in autopsy
cells while downregulated in 0.05 pg/pL SCX with a fold change of
—9.63 at 48h in surgical
(Figure 5B, p < 0.05).

cells compared to SHAM groups

3.2.3 | Inflammatory cytokines

In autopsy cells, interleukin 1 beta (IL-15) was downregulated in all
MKX doses and 0.05 pg/pL SCX transfected groups at 48 h compared
to SHAM groups with fold changes of —3.57, —2.51, and —3.67,
respectively. No significant differences were observed at later time
points (Figure 6A, p < 0.05). In surgical cells, no differences were
observed between MKX and SCX compared to SHAM at 48 h and
7 days with downregulation of IL-15 in 0.05 pg/puL MKX transfected
groups at 14 days with a fold change of —3.08. Differences in inter-
leukin 6 (IL-6) gene expression were observed at 14 days between

MKX and SCX transfected groups in autopsy samples, but no signifi-
cant differences were found compared to SHAM. In surgical cells, IL-6
was downregulated at 7 days in 0.05 pg/pL MKX and SCX groups with
fold changes of —8.96 and —5.29 and at 14 days with fold changes of
—9.90 and -7.55 relative to SHAM. Surgical cells treated with
0.10 pg/uL MKX were also downregulated at 14 days with a fold
change of —4.23 (Figure 6B, p < 0.05).

3.24 | Matrix-degrading enzymes

No significant differences in MMP1 and MMP2 were observed in
autopsy cells at 48 h and 7 days compared to SHAM groups apart
from increased MMP1 in 0.05 pg/pL SCX groups with a fold change of
2.79 at 14 days (Figure 7A,B). In surgical cells however, MMP1 was
downregulated at 7 days in 0.05 pg/pL SCX transfected groups with a
fold change of —4.25 and downregulated in both 0.05 pg/uL MKX
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FIGURE 5 Extracellular matrix phenotypic markers: (A) elastin and (B) biglycan, gene expression normalized to respective SHAM groups for
Scleraxis (SCX) and Mohawk (MKX) transfected cells at 48 h, 7 days, and 14 days respectively for (right) autopsy and (left) surgical cells. *p < 0.05
compared to SHAM (pCMV6); ##p < 0.01; *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 6 Inflammatory cytokines: IL-1 and IL-6 gene expression normalized to respective SHAM groups for Scleraxis (SCX) and Mohawk
(MKX) transfected cells at 48 h, 7 days, and 14 days, respectively, for (right) autopsy and (left) surgical cells. *p < 0.05 compared to SHAM
(PCMV6); *p < 0.05; **p < 0.01.

and SCX groups with fold changes of —13.5 and —8.40 at 14 days MKX groups with fold changes of —2.72, —3.03 and in the 0.10 pg/pL
compared to SHAM or higher dose MKX or SCX transfection groups SCX group with a fold change of —2.41 at 14 days compared to
(p < 0.05). Similarly, MMP2 was significantly downregulated in both SHAM (p < 0.05). For ADAMTSé expression in autopsy cells, no
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FIGURE 7 Matrix degradation: (A) MMP1, (B) MMP2, and (C) ADAMTS6 gene expression normalized to respective SHAM groups for Scleraxis
(SCX) and Mohawk (MKX) transfected cells at 48 h, 7 days, and 14 days, respectively, for (right) autopsy and (left) surgical cells. #*p < 0.05
compared to SHAM (pCMV6); #p < 0.01; *p < 0.05; **p < 0.01; ***p < 0.001.

significant differences were observed at 48 h or 7 days. However,
increased expression in MKX transfected groups was observed at
14 days with fold changes of 2.213, and 1.89, and in 0.05 pg/uL SCX
groups with a fold change of 3.65 compared to SHAM or high dose of
SCX. In surgical cells, no differences were observed with transfection

compared to SHAM controls (Figure 7C).

3.2.5 | Pain markers

In autopsy cells, no difference in nerve growth factor (NGF) was
observed at earlier time points with upregulation at 14 days in
0.05 pg/uL SCX transfected groups compared to SHAM with a fold
change of 4.41 (Figure 8A, p = 0.0231). No significant differences in
NGF were observed in surgical cells compared to SHAM. Brain-
derived neurotrophic factor (BDNF) was upregulated in high-dose
MKX transfected groups at 7 days with a fold change of 2.70 with
no other significant differences in autopsy cells (p = 0.0331). In sur-
gical cells, BDNF was downregulated in both 0.05 pg/pL MKX and

SCX transfection groups with fold changes of —3.05 and —3.44,

respectively, compared to SHAM and high dose MKX

group (p < 0.05).

3.3 | Collagen content

Cellular collagen protein content as measured by the Sircol assay at
7 and 14 days showed significant increases in collagen across all
transfection groups compared to SHAM in both autopsy and surgical
cells, while SHAM transfection resulted in lower than 2 pg/well of col-
lagen accumulation (Figure 9). In detail, autopsy cells at 7 days aver-
aged 5.25 ug/well in the low dose (0.05 pg/uL) MKX group and
4.32 pg/well collagen in the high dose (0.05 pg/pL) MKX group while
SCX groups averaged 5.43 pg/well in the low dose group and
5.37 pg/well in the high dose group (p < 0.001). At 14 days, MKX
groups averaged 7.025 pg/well at the low dose and 5.85 pg/well at
the high dose, while SCX groups averaged 6.15 and 7.10 ug/well
respectively (p < 0.0001). Interestingly, transfected groups did not
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accumulate levels of collagen beyond the threshold of nontransfected
control cells indicated by the dashed line in Figure 9. Surgical cells at
7 days averaged 4.68 pg/well (p < 0.01) in low dose and 5.43 pg/well
in high dose MKX transfection groups while SCX averaged 5.68 and
5.46 pg/well respectively (p < 0.001). At 14 days, MKX transfected
groups averaged 7.47 and 6.10 pg/well at low and high doses, while
and 8.65 pg/well,

samples,

SCX groups
(p < 0.0001).

averaged 7.68 respectively

Also, in surgical transfected groups

accumulated more collagen than nontransfected severely degenerate

surgical control cells.

4 | DISCUSSION

This exploratory study used developmental transcription factors MKX

and SCX to reprogram degenerate human AF cells isolated from both



TANG ET AL

autopsy specimens and surgical specimens from patients with LBP to
a healthy phenotype as demonstrated by significant changes in cellu-
lar markers such as key transcription factors including pro-anabolic,
catabolic, and inflammatory-pain-related factors that we will discuss
in the following paragraphs. As the AF is currently understudied with
respect to IVD degeneration, this study reveals the potential of treat-
ment with MKX and SCX as a nonviral gene therapy for degenerate AF

cells to restore proper structure/function to the IVD.

41 | Effect of MKX or SCX transfection on cell
morphology, viability, and density

All the cells used for this study exhibited a fibroblast-like morphology
in nontransfected control, SHAM, and experimental groups, which
aligns with literature reports about AF morphology. Notably, increases
in cell processes/branches can be seen in MKX and SCX transfected
groups (Figure 2), which resemble the phenotype of outer AF cells.*”
The lack of differences in cell viability at 48 h suggests that there are
no significant changes in cell survivability post-seeding. However, the
decreased cell density observed for surgical cells can be linked to the
degenerative nature/state of the surgical samples derived from
patients with advanced IVD degeneration. Moreover, these cells were
more susceptible to the standard electroporation-based transfection
method used in this study. This type of transient transfection could
additionally explain some parts of the results observed in this study.

42 |
factors

SCX and MKX upregulate key transcription

The significant upregulation of MKX and SCX gene expression in our
respective MKX and SCX transfected groups (Figure 4) demonstrates
successful nonviral transfection of these transcripts into both autopsy
and surgical human AF cells. While SCX was significantly upregulated
over time, MKX expression was not sustained over time. This could
indicate a transient effect of transfection via bulk electroporation
(BEP), however, the effects of the transfection were observed from
other genes. Interestingly, no significant differences in MKX or SKX
expression were noted between the two different doses tested, sug-
gesting limited dose-dependent effects. An alternative and minimally
invasive mechanism of delivery may be warranted, which could pro-
vide better outcomes compared to BEP. Interestingly, SOX9, a
chondrocyte-specific transcription factor was highly upregulated
post-MKX and SCX treatment, suggesting MKX and SCX may promote
regulation of SOX9 which conflicts with studies suggesting that MKX
functions as a repressor of SOX9.1> SOX9 has also been shown to pro-
mote inner AF collagen and proteoglycan synthesis after adenoviral
delivery®®#® and based on our findings may also function downstream
of MKX and SCX for the repair of outer AF cells. Upon further investi-
gation, we also assessed gene expression of key AF phenotypic
markers such as cluster of differentiation 146 (CD146/MCAM), Fibu-
lin (FBLN), and integrin binding sialoprotein (IBSP), which would

JOR SPin1 s Meakaliad

these AF cells from their NP
(Figure 51).47751 CD146 is a cell adhesion molecule found in the outer
AF and highly upregulated in the AF compared to NP while FBLN and

IBSP were found to be significantly expressed in AF tissue and may

differentiate counterparts

serve as AF specific/NP negative marker. Some significant differences
were observed in MKX or SCX transfected groups compared to
SHAM, especially for the surgical group; however, these were either
dose-dependent or temporal. This may be associated with the nature
of BEP and further studies using minimally invasive gene delivery
approaches along with deep transcriptome characterization such as
RNAseq may further elucidate the reprogramming potential of MKX
and SCX to drive an AF-specific phenotype.

4.3 | Regulation of extracellular matrix and
homeostasis

In terms of evaluating the anabolic effect of our reprogramming strat-
egy, we investigated the expression of key ECM-related genes
involved in AF homeostasis. Elastin is an important protein found in
the network of the interlamellar matrix of the AF that aids in the IVDs
ability to withstand mechanical loading. Thus, the upregulation of
elastin in AF cells from autopsy samples transfected with MKX and
SCX may support their role in upregulation of elastin in mildly degen-
erate samples, which contributes to a healthy AF environment. Inter-
estingly, elastin was downregulated in surgical samples, which could
be due to the severely degenerate nature of these cells from patients
experiencing chronic LBP. However, there is conflicting evidence as
to whether elastin content increases with aging or IVD degenera-
tion.>? The same trends were observed for biglycan, with upregulation
for autopsy cells transfected with a high dose (0.10 pg/uL) of MKX
and a low dose (0.05 pg/uL) of SCX at 14 days. On the other hand, no
significant differences in biglycan expression were observed for surgi-
cal cells. Biglycan plays a role in maintaining homeostatic processes in
the AF and loss of expression has been noted in IVD degeneration.>
However, studies have also shown upregulation of biglycan in dis-
eased IVDs.>* Thus, the results from elastin and biglycan gene expres-
sion suggest a pro-anabolic drive of mildly degenerate AF cells after
MKX and SCX transfection but may require further optimization for
more degenerated AF cells.

To investigate the anti-catabolic effects of MKX and SCX transfec-
tion, we evaluated the gene expression of key matrix degradative
enzymes in the AF, including MMP1, MMP2, and ADAMTSé, which are
involved in the breakdown of the AF ECM, causing a progressive shift
from anabolic to catabolic processes.?® Downregulation of MMP1 and
MMP2 in severely degenerate surgical samples suggests anti-catabolic
rescue after transfection with MKX and SCX to push pro-anabolic pro-
cesses on diseased AF cells.

On the protein level, SCX and MKX transfection promoted signifi-
cantly higher accumulation of collagen, a critical AF ECM component,
in comparison to SHAM transfected cells, where less than 2 ug of col-
lagen was accumulated. The large increase in collagen synthesis/

accumulation suggests that the AF cells are reverting to a healthy
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native state post-treatment which may have considerable impact in
the severely degenerate IVD, where the accumulation of collagen
exceeds nontransfected controls. In conjunction with key ECM and
matrix degradation markers, MKX and SCX transfection may guide dis-
eased AF cells toward a pro-anabolic phenotype and maintain cellular
homeostasis.

44 | Effects of MKX and SCX on downstream
inflammatory markers

Inflammatory cytokines, such as IL-14 and IL-6, have been observed in
the degenerate AF and can also upregulate MMPs and
ADAMTSs. 20213536 | 1 5 expression was downregulated at early time
points in autopsy samples and consistently downregulated in surgical
samples over time, which suggests decreased inflammation in surgical
cells. Interestingly, this correlates with previous findings where
FOXF1** and Brachyury®® were nonvirally transfected into degenerate
NP cells, with greater downregulation of IL-14 and IL-6 observed com-

pared to autopsy cells.

45 | Effect of MKX and SCX on in vitro pain
predictors

NGF and BDNF were used as pain predictors in this in vitro study.
These factors also play a role in the potentiation of IVD degeneration
and nerve ingrowth.””°® While downregulation of NGF and BDNF
was observed in surgical samples, they were upregulated over time in
autopsy samples. This suggests potential regulation of pain associated
with MKX and SCX; however, the delivery method warrants optimiza-
tion as pain is a major predictive outcome measure of successful dis-

cogenic therapies.

4.6 | Nonviral transfection and AF therapies

Previous biologic therapies for AF include the use of growth factors
such as bone morphogenic protein (BMP-1, BMP-2, and BMP-3),
Tumor growth factor Beta, and growth differentiation factor 559763
which have shown success in increasing collagen content and re-
establishing homeostasis with the reduction of MMPs. However,
direct delivery of growth factors is limited by their half-life and may
not be suitable as a long-term therapy for IVD degeneration and back
pain. Thus, gene therapies may provide a long-term solution. Cur-
rently, most studies involving genetic therapies for the IVD are con-
ducted via the use of adeno-associated virus, mainly due to their high
transfection efficiency. However, their implementation can be clini-
cally limited by their mutagenic and immunogenic potential.** Thus,
nonviral delivery is advantageous to overcome these limitations.
Moreover, the delivery of transcription factors to drive reprogram-
ming of AF cells toward a healthy phenotype is an innovative and via-

ble approach as we have demonstrated here. In addition, previous

studies have looked at the therapeutic potential of delivering AF-like
cells derived from human iPSCs or the use of stem cells, which also
have limitations such as low cell survivability due to the harsh IVD
environment.®%° Therefore, this study proposes the use of nonviral
delivery of the critical developmental transcription factors SCX and
MKX, to drive reprogramming of native cells, already adapted to the
IVD environment, toward a healthy phenotype. While SCX and MKX
both have great potential, the results of this drive further reprogram-

ming along with further optimized delivery methods.

4.7 | Potential limitations and future directions

It is important to note the limitations of this study which include the
use of BEP, pooling of multiple human samples for experimental repli-
cates to limit variability, and the use of standard monolayer well plates
for in vitro culture. BEP, while serving as a good method for validating
downstream effects of transfected factors, may cause necrosis, cellu-
lar dysfunction, and potential senescence due to the use of high non-
localized electric fields, which disrupts the lipid bilayer as discussed in
previous studies.*>4+¢¢%7 Thus, further studies improving the delivery
mechanism of these transcription factors are warranted, such as engi-
neered extracellular vesicles (EVs), which harbor many advantages
including nonimmunogenic characteristics, reduced potential of muta-
genesis, and tunability for multiple applications.*#2%® In addition,
human AF samples were pooled for our proof-of-concept study, and
transfection replicates were examined to reduce variability and
explore the effects of all samples within the pool. However, stud-
ies®”” have shown demographical differences such as sex and age in
response to therapeutic approaches, and thus future studies will need
to incorporate multiple demographical groups (e.g., elderly, young,
male, and female) to assess the effects of MKX and SCX across differ-
ent populations. The Sircol collagen kit used to measure total collagen
content does not differentiate between collagen types, and thus it is
hard to determine whether the protein level changes in collagen are
more indicative of outer AF collagen Type | or other collagens such as
collagen Il in the inner AF. In addition, due to the use of Calcein, a
green fluorescent marker, for assessing cell viability in this study, the
transfection efficiency of the GFP tags was not assessed and future
studies should include an assessment of transfection efficiency along
with protein level confirmation of MKX and SCX to validate the trans-
fection. Lastly, the study was conducted on standard plastic mono-
layer which may impact cellular morphology without proper ECM
alignment structures as native AF tissue. Future studies will incorpo-
rate more physiologically relevant substrates such as aligned nanofi-
ber substrates to yield cellular alignment, which has shown to exhibit

similar properties as native AF tissue.3°

5 | CONCLUSION

This proof-of-concept study demonstrates the potential of AF tran-

scription factors MKX or SCX, to drive reprogramming of mildly/
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moderately degenerate human cadaveric and severely degenerated
LBP patient-derived AF cells toward a healthy phenotype, evidenced
by the fibroblast-like morphology, upregulation of key transcription
factors present in AF tissue, decreased catabolism, increased anabo-
lism of ECM components, with regulation of inflammatory cytokines
and pain markers. Nonviral transfection of innate diseased patient
cells has greater therapeutic potential compared to viral and cell-
based therapies for treatment of IVD-associated LBP. Future studies
aim to use engineered EVs to deliver these transcription factors to AF
cells with the incorporation of sex/age patient groups and in-vivo ani-
mal studies to assess the safety and efficacy of this therapeutic
approach.
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