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Modulation of Inflammation and Regeneration in the
Intervertebral Disc Using Enhanced Cell-Penetrating

Peptides for MicroRNA Delivery

Marcos N. Barcellona, Tara Ni Néill, Fergal J. O'Brien, James E. Dixon,

Caroline M. Curtin, and Conor T. Buckley*

Back pain is a global epidemiological and socioeconomic problem affecting up to
80% of people at some stage during their life and is often due to degeneration of
the intervertebral disc (IVD). Therapies aimed at restoring the intradiscal space
have predominantly focused on delivery of biomaterials, cells, or growth factors,
among others, with variable degrees of success. While viral gene delivery
strategies have emerged as promising therapeutic options in recent years, these
approaches often have off-target effects and are associated with immunogenicity
risks and other comorbidities. Consequently, nonviral methods have gained
traction as potential avenues for gene delivery. Herein, enhanced cell-penetrating
peptide (CPP) systems are used to deliver microRNAs in an in vitro and ex vivo
model of disc degeneration. The data suggest that nanoparticle complexation of
CPPs with (miR-221-inhibitor + miR-149-mimic) promotes protective effects in
nucleus pulposus cells challenged with inflammatory cytokines TNF-a and IL-1f.
Specifically, increases in matrix deposition, significant decreases in the secretion
of an array of inflammatory cytokines, and decreased expression of matrix
degradation enzymes MMP13 and ADAMTS5 are observed. These miR-CPP
nanocomplexes can be further employed for targeting of the pericellular matrix
space through homing, thus providing a promising approach for therapies of the
intradiscal space.

1. Introduction

Intervertebral disc degeneration (IDD) is a
complex condition affecting millions of
people worldwide."”! Although its origins
remain to be fully elucidated, there exists
a well-catalogued range of associated
complications including changes in matrix
composition, associated loss of tissue bio-
mechanics, and altered levels of inflamma-
tory cytokine secretion.>® A variety of
therapies have been developed to address
IDD with variable degrees of efficacy,
including biomaterials approaches,” "
cell therapies,”™ ™" and soluble factor
delivery."™>™”) MicroRNAs, small noncod-
ing regulatory RNAs, have recently
emerged as a promising class of nucleic
acids for gene therapy applications, gaining
traction due to their benefits in terms of
transfection efficiency and high mechanis-
tic specificity which allows for reduced
off-target effects.!'®2?

Recent studies have discussed the
modulatory effects of microRNAs on
musculoskeletal tissue pathology, matrix
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composition and degradation rates, and modulation of the
inflammatory response.l’*?*! Of particular interest were
miR-149-5p-mimic and miR-221-3p-inhibitor, which have been
suggested to have anti-inflammatory and proregenerative effects,
respectively.”*”) miR-149-mimic has been suggested to play a
role in the pathophysiology of IDD by modulating inflammatory
cytokine expression levels. Specifically, Qin et al. observed that
following cell stimulation with lipopolysaccharide (LPS) and sub-
sequent miR delivery, a downregulation in expression of TNF-aa
and IL-1 could be quantified.””) Expression of such cytokines,
namely, IL-1p and TNF-a, have been widely investigated in rela-
tion to degenerative disc disease (DDD), as these have been
linked to increased incidence of intervertebral disc (IVD) herni-
ation, decreased matrix synthesis,”®??) and changes in nerve sen-
sitivity,”>*) among others. miR-221-inhibitor has been proposed
to support matrix deposition rates in mesenchymal stem cell
and chondrocyte cultures, with studies observing increased depo-
sition of type II collagen, aggrecan, and expression of SOX9 to
levels similar to those observed with TGF-p treatment.[2>2¢)

The success of nucleic acid delivery depends on parameters
such as cargo uptake and internalization, endosomal escape,
and bioavailability,?'=% all of which are correlated to the method
of delivery. Commonly employed approaches can generally be
divided into two major categories: viral and nonviral vectors.
Within this field of research, viral approaches most often employ
vectors such as adenoviral vectors for their high delivery effi-
ciency or retroviral vectors for the incorporation of nucleic acids
into the host cell’s genome but can present risks of immunoge-
nicity and significant off target effects.*'** Alternatively, the use
of nonviral vectors for nucleic acid delivery presents an enticing
approach for microRNA therapies due to reduced intrinsic risks
of immunogenicity and therefore higher translational potential.
Many different approaches have been explored in the literature
with a range of success, including standard vector-free methods
such as lipofectamine-mediated transfections, electrophoresis,
nonviral vector carriers such as micelles and liposomes, and syn-
thetic nanoparticles, among others.*"**3¢ In this study, we
sought to employ two cell-penetrating peptides (CPPs) which
have been reported to have high efficiency in cargo delivery in
musculoskeletal applications: amphipathic peptide RALAF738
and glycosaminoglycan (GAG)-binding enhanced transfection
peptide FLR.?***!! These are both synthetic peptides designed
to improve transfection efficiency and have been independently
demonstrated to be compatible with a range of nucleic acids,
including miRNA, siRNA, and plasmid DNA.B7384 EIR was
of particular interest as this synthetic CPP was specifically
designed with an FGF2 heparin-binding domain, thus promot-
ing homing effects toward GAG-rich areas.***”

In the current work, we combine a miR-149-5p-mimic and
miR-221-3p-inhibitor with nonviral vectors to explore their mod-
ulatory potential on matrix deposition and inflammatory cytokine
secretion using primary rat nucleus pulposus (NP) cells. In
monolayer as well as microtissue cultures, we observed our
dual-miR-coupled CPPs to promote increases in matrix deposi-
tion and downregulation of secreted inflammatory cytokines.
FLR-miR nanocomplexes are also observed to home to the peri-
cellular matrix (PCM) space with high efficiency. The combina-
torial delivery of miR-vector nanoparticles presented here may
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yield an effective tool for disease modification with high tissue
penetration efficiency and PCM localization.

2. Results

2.1. RALA and FLR Promote Increased Internalization Efficiency
without Compromising Cell Viability

RALA and FLR both exhibited similar degrees of internalization
efficiency compared to the lipofectamine control, reaching values
of nearly 90% immediately following transfection (Figure 1A,B).
A plateau in miR internalization could be observed at the
10ng uL™" concentration, with the 25 nguL™" miR-vector only
promoting increased extracellular nanoparticle aggregation
(Figure 1A,B and Supplementary Figure 1). A miR concentration
of 10 ng uL ™" was therefore used for the remainder of the studies
unless otherwise noted. Following 24 h or 7 d of culture, signifi-
cant intracellular miR signal could still be observed (Figure 1C,
E). Both CPPs also exhibited significantly higher degrees of cell
viability compared to lipofectamine controls (Figure 1C,D).

2.2. Transfections with miR-221-Inhibitor and miR-149-Mimic-
Vector Complexes Promote Increased Matrix Deposition and
Decreased Expression of Matrix Degradation Enzymes in Monolayer

Cells were stimulated with inflammatory cytokines in order to
promote elevated levels of matrix degradation enzymes
(Supplementary Figure 2). Following, cells were transfected with
either single-vector-miR-221-inhibitor, vector-miR-149-mimic, or
with a dual-vector-(miR-221-inhibitor + miR-149-mimic). It was
observed that transfection with miR-221-inhibitor promoted a
significant increase in aggrecan deposition with RALA, and a
nonsignificant trend toward increased aggrecan deposition in
both FLR and lipofectamine control after 3 days of culture
(Figure 2A,C). Collagen type 2 deposition was likewise elevated
with both RALA and lipofectamine, with nonsignificant increase
being observed in the FLR condition (Figure 2B,C). No significant
changes could be observed in terms of MMP13 and ADAMTS5
expression (Figure 2D-F). When the dual-miR transfection
approach was employed, RALA and lipofectamine both promoted
significant increases in both aggrecan and collagen II deposition,
with FLR once again showing nonsignificant trends toward
increased matrix deposition compared to nontransfected (NT) con-
trols (Figure 2G-I). RALA and FLR both promoted significant
decreases in MMP13 expression compared to both the NT and
lipofectamine controls. Lipofectamine promoted an increase in
ADAMTSS expression, which was not observed with either the
RALA or FLR conditions. FLR demonstrated the largest decrease
in ADAMTSS expression of the tested vectors (Figure 2J-L).

2.3. Dual-miR Transfection Promotes Trends toward Increased
Matrix Deposition and Decreased Matrix Degradation Enzyme
Expression

We formed cell microaggregates following transfection in order
to culture cells in more relevant microenvironments. The micro-
aggregates were either digested in papain and used for
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Figure 1. Vector-miR-Dy547 delivery: dosage and viability study. A) Dosage study using RALA, FLR, and lipofectamine complexed with increasing
concentrations of miR-Dy547, compared against NT controls. Immunofluorescence images suggest efficient miR internalization as evidenced by homo-
geneous intracellular distribution and observable nuclear gap. B) Flow-cytometric quantification of miR-internalization efficiency following transfection.
C—E) Characterization of intracellular miR retention and cell viability surveyed versus time using standard live/dead assay kits. N > 3 biological replicates;
each replicate composed of cells isolated from eight to ten discs pooled together. Statistical tests for all were one-way ANOVA'’s with Tukey’s multiple
comparison’s test. *p < 0.05, ***p < 0.001, and ****p < 0.0001. All scale bars are 100 pm.

biochemical assays or wax-embedded and used for histology and
immunolabeling. The biochemical data suggested nonsignificant
trends toward increased deposition of GAGs and collagen in
both RALA and FLR transfection conditions compared to
lipofectamine-mediated transfections and NT controls. These
trends were observable at both 3 (Figure 3A) and 14d
(Figure 3B) post-transfection. We observed significant degrees
of cell death (~45%) in lipofectamine-mediated transfections,
while viability was similar for RALA and FLR and comparable
to NT controls (Supplementary Figure 4). This can be further
seen by the reduced pellet size and faint staining of the pellets
in Figure 3A,B, where the medial-most section was taken for
all pellets. Immunostaining for aggrecan and type 2 collagen
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corroborated these trends, particularly at the 14-day timepoint
(Supplementary Figure 4). Immunostaining for MMP13 and
ADAMTSS suggested a reduction in matrix degradation enzyme
production in both RALA- and FLR-mediated transfections com-
pared to both lipofectamine and NT controls (Figure 3C,D).

2.4. Dual-(miR-221-Inhibitor + miR-149-Mimic) Transfection
Promotes Decreased Expression of Inflammatory Cytokines

To survey the effect of dual-miR transfection on inflammation-
associated cytokine secretion, we utilized an antibody microarray
to detect cytokine presence from the media supernatant com-
bined with the lysed cell microaggregate. Results suggested
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Figure 2. Transfection with individual and dual-miR complexes promotes increased matrix deposition and decreased expression of matrix degradation
enzymes in monolayer. Cells were stimulated with inflammatory cytokines, and then followed by single-miR transfections with A-C) vector-miR-221-
inhibitor and D—F) vector-miR-149-mimic; data suggest increases in deposition of aggrecan and collagen type Il (A-C) as well as nonsignificant trends
toward decreased expression of MMP13 and ADAMTS5 (D-F). Transfection with G-L) dual-miR-221-inhibitor + 149-mimic promotes similar degrees of
aggrecan and collagen type Il deposition (G-I), but stronger decreases in MMP13 and ADAMTS5 (J-L). N >4 biological replicates; each replicate
composed of cells isolated from eight to ten discs pooled together. Statistics were one-way ANOVA’s with Tukey's multiple comparison’s test.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars are 50 pm.

decreased expression of key inflammatory cytokines including  2.5. FLR-Mediated Transfections Promote Pericellular Matrix
IFN-y, TNF-0, and IL-1p, among others (Figure 4). Downregul-  |Localization and Targeting
ation could be observed as early as 3d (Figure 4A), though the

effect size increased by day 14, where significant decreases could
be observed in expression of TNF-a, IL-1 «, IL-1f, IL-4, and IL-6
(Figure 4B) in both RALA and FLR groups compared to the NT
condition as well as lipofectamine-mediated transfections.

Adv. NanoBiomed Res. 2024, 2300112 2300112 (4 of 11)

Homogeneous distribution of miR-Dy547 could be quantified for
all transfection vectors at the 25 ng pL.™" condition, although only
FLR-mediated transfections exhibited significant increases in
signal intensity (Figure 5). For all conditions there was an
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Figure 3. Transfection with dual-miR-coupled complexes promotes increased matrix deposition and decreased expression of matrix degradation enzymes
in 3D microtissue culture. Biochemical and histological analysis for A) collagen and B) GAG demonstrated trends toward increased ECM deposition for
RALA and FLR compared to NT. Scale bars are 200 pm. C-D) Immunofluorescence staining for matrix degradation proteins and associated semiquanti-
tative analysis suggests decreases in MMP13 and ADAMTSS5 expression, particularly with FLR-mediated transfections. Scale bars are 50 pm. N >3
biological replicates; each replicate composed of cells isolated from eight to ten discs pooled together. Statistics were one-way ANOVA’s with
Tukey’'s multiple comparison’s test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

observed increase in signal intensity with increased miR
concentration. For naked miR’s, RALA, and lipofectamine
mediated transfections, this signal remained diffuse and
homogeneously distributed. In the FLR-mediated conditions,
the GAG-homing effect could be observed as evidenced by
increased signal intensity in the pericellular space. FLR-miR
nanoparticles could be further observed to colocalize with
COL VI-rich regions, suggesting an ability to home toward the
PCM space (Figure 5).

2.6. FLR-Mediated Transfections Promote Highest Impact on
Matrix Deposition Rates as Surveyed by Histological Outcomes

Delivery of dual-(miR-221-inhibitor + miR-149-mimic)-vector
nanocomplexes suggested an increase in GAG content compared
to the NT control, as evidenced by increased alcian blue staining
(Figure 6A). RALA- and FLR-miR groups demonstrated a signif-
icant increase in SOX9 expression compared to the NT group.
RALA and FLR promoted a decrease in MMP13 expression
compared to NT, while lipofectamine-mediated transfections
evidenced a subtle but significant increase in MMP13. RALA-
and FLR-mediated transfections demonstrated significantly
decreased ADAMTS5 expression compared to NT.

Adv. NanoBiomed Res. 2024, 2300112 2300112 (5 of 1)

3. Discussion

MicroRNAs have become an attractive therapeutic tool due to
their wide range of applications, as miRs have been documented
in a number of biological processes from cell differentiation to
regulation of the inflammatory response."#2%*2*3] Specifically
regarding the IVD, a significant number of miRs have now been
reported®!! with observed roles in NP cell apoptosis,** ECM
remodeling,***! and inflammation,””*”! among others.
Dysregulation of miRNAs has been linked to disease progres-
sion,?'*¥ and its artificial reregulation via exogeneous delivery
has been demonstrated to inhibit disease progression or even
reverse specific degenerative target dysregulation in both in vitro
and in vivo studies.****=>1

A key shortcoming with miR delivery involves the targeting
specificity of the approach. Here, we employed CPP-miR
complexes for improved cell internalization efficiency and cargo
delivery. The CPP-miR complexed nanoparticles are formed by
simple electrostatic interactions between the negatively charged
nucleic acids and positively charged CPPs, condensing into
nanoparticles following their mixing at appropriate charge ratios.
FLR and RALA CPPs were employed due to their reported abili-
ties to efficiently deliver nucleic acids into cells derived from
musculoskeletal tissues.”**!! Furthermore, FLR was specifically
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Figure 4. Antibody microarray panels for detection of inflammatory cytokine release suggest decreased cytokine levels in RALA and FLR mediated
dual-miR transfections. RALA and FLR promote significant decreases in inflammatory cytokine release compared to both lipofectamine and NT
conditions at 3 A) and 14d B) post-transfection. N =3 biological replicates; each replicate composed of cells isolated from eight to ten discs pooled
together. Statistics were one-way ANOVA’s with Tukey's multiple comparison’s test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

designed with a heparin-binding domain to promote homing
toward GAG-rich areas.***” This property presented an interest-
ing avenue for investigation, as the NP is a naturally GAG-rich
tissue. Indeed, the GAG-homing effects were best observed in
the organ culture model, where there was strong signal conden-
sation in the pericellular space when using the FLR-mediated
nanoparticle delivery. We further observed signal colocalizing
with areas positive for collagen type VI, a PCM protein known
to interweave with GAGs.P? In RALA and lipofectamine-
mediated transfections, however, the miR-Dy547 signal
remained more diffuse and uniformly distributed throughout
the entire tissue section, without any clear localization pattern.

miR-221-inhibitor has previously been suggested to have
strong prochondrogenic effects as evidenced by increased
deposition of GAGs and Col2 following lipofectamine-mediated
miR-221 inhibitor transfections in a cartilage regeneration model
using bovine osteochondral biopsies.?®! miR-149-mimic, alterna-
tively, has been suggested to play a role in the regulation of
inflammatory cytokine production as well as matrix degradation
enzyme expression.””) Specifically, Qin et al. demonstrated that
miR-149 delivery followed by LPS insult led to a protective effect
in NP cells, promoting a significant decrease in TNF-a and IL-1
mRNA expression and repressing LPS-induced cell apoptosis.’*”)
In the current study, we observed increases in aggrecan and type
2 collagen deposition following dual miR transfection with both
CPPs employed. A significant increase in SOX9 expression could
be observed following dual-miR transfection with all vectors in
the organ culture model, suggesting powerful prophenotypic
effects. Additionally, significant decreases were observed in

Adv. NanoBiomed Res. 2024, 2300112 2300112 (6 of 11)

expression of protein degradation enzymes MMP13 and
ADAMTSS, as well as in the inflammatory cytokine release
following dual miR transfections. Our data did not suggest syn-
ergistic functional outcomes in the dual miR-delivery approach
when compared to the employment of individual miRs, but
rather demonstrated an additive effect in functional outcomes.
Further characterization is necessary to better understand the
associated mechanisms such as pathway activation effects or
competition between miRs.

While lipofectamine-mediated transfections promoted similar
degrees of SOX9 expression, suggesting efficient carrier
functions for miR delivery, it is important to note that this trans-
fection method exhibited higher degrees of cell death than quan-
tified with RALA- or FLR-mediated transfections. Furthermore,
this technique demonstrated consistent trends toward increased
expression of ADAMTS5 or MMP13, and increases in TNF-q,
IL-1p, and IL-6, among others (full panel provided in
Supplementary Figure 6). However, RALA- and FLR-mediated
transfections did not appear to elicit the same proinflammatory
effects.

In the organ culture model, we observed distinct spatial sepa-
ration between GAG- and collagen-rich regions in the NP, with
an increase in signal intensity often at a lateral aspect of the disc.
This may be a consequence of the unilateral delivery of cABC and
vector-miR nanoparticles into the intradiscal space for creation
and treatment of tissue degeneration. Inclusion of mechanical
stimulation in future experiments may simultaneously present
a means to improve the physiological relevance of the bioreactor
models while also promoting uniform dispersion and diffusion
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Figure 5. FLR promotes increased PCM localization of miR-vector nanoparticles. A) Delivery of naked miR, vector-only, or vector-miR nanoparticles at 10
and 25 ngmL™" demonstrate a dose-dependent increase in intradiscal signal intensity, with FLR demonstrating signal condensation in the PCM space
and B) nanoparticle colocalization with COL6-rich regions. Scale bars are 100 pum. N = 3 biological replicates. Statistics were one-way ANOVA's with

Tukey’s multiple comparison’s test. *p < 0.05.

of both cABC and consequent treatments intradiscally. Live/dead
staining of the intradiscal space following 2 weeks of culture
suggested no differences in viability between transfected and
NT conditions (Supplementary Figure 7).

In this study, we utilized different dosages for monolayer
cultures and organ culture models. Preliminary data suggested
that dosages above 10 ng pL.™" in monolayer resulted in signifi-
cant nanoparticle aggregation and extracellular accumulation and
even led to cytotoxicity. A dosage study in the organ culture
model did not suggest increased cell death at the higher concen-
tration of 25 ng uL~ ", likely due to the increased complexity of the
intradiscal space and high ECM content. This observation high-
lights the significant correlation between dosages and variables
like cell type and physiological microenvironment, so adequate
titration of miR concentrations is needed when modifying the
delivery approach.

Another important consideration is the establishment of a
microenvironment that allows for proper control of the relevant
markers. In this instance, a proper inflammatory challenge was
necessary in order to observe modulatory effects of functional
miR transfections. While we observed an ability to downregulate
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expression of matrix degradation enzymes in NP cells exposed to
an inflammatory environment, it was observed that transfections
with any of the studied vector-miR complexes without a pre-
established challenge led to increased expression of MMP13
and ADAMTSS, likely due to cell damage from the transfection
process itself (Supplementary Figure 3). A reduction in inflam-
matory cytokines and matrix degradation enzymes is thus observ-
able due to elevated basal levels of these proteins following
inflammatory insult. Nonetheless, further studies are still needed
to better elucidate the mechanisms driving these functional
changes. While rodent models do have associated limitations
due to the presence of notochordal cells, smaller disc height,
and higher cell density that is different to human, they serve
as a valuable tool for assessing the feasibility of a technique
before progressing to larger models. Therefore, we believe that
our data retains its significance in advancing this approach,
especially considering its early stage in research and the potential
for clinical translation to human models.

Overall, our data demonstrates potential for employing CPPs
to form nanoparticle complexes with the function modifying
microRNAs miR-221-inhibitor and miR-149-mimic in order to
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Figure 6. RALA- and FLR-mediated dual-miR transfections promote decreased expression of MMP13, ADAMTSS, and increased expression of SOX9.
A) Rat disc sections following organ culture models of tissue degeneration and in situ transfections. Insets show alcian blue and picrosirius red staining.
Scale bars for whole discs are T mm. Scale bars for insets are 100 pm. B) Immunolabeling for MMP13, ADAMTSS, and SOX9, and associated
quantification. Scale bars are 100pm. N >3 biological replicates. Statistics were one-way ANOVA’s with Tukey's multiple comparison’s test.

“p < 0.0007.

modulate extracellular matrix protein deposition and inflamma-
tory cytokine secretion in in vitro models of disc degeneration.
Together with the GAG-homing ability of the FLR peptide, this
presents a promising avenue for the treatment of DDD.

4. Experimental Section

Primary Cell Isolation and Culture: All procedures for this study were
approved by the Animal Research Ethics Committee (AREC) of Trinity
College Dublin and the Health Products Regulatory Authority (HPRA)
in Ireland (Approval—AE19136/P149). NP tissue was obtained from cau-
dal spines of Wistar rats (10-20 weeks), harvested under sterile conditions
immediately posteuthanasia. Briefly, the skin was removed, and the tails
were cleaned thoroughly with 70% ethanol and Povidone iodine solutions
(Duggan Veterinary, Ireland). Following, a size 10 scalpel was used to
make an incision along the transverse plane near a bounding endplate
to expose the disc, and NP tissue was collected with needlepoint forceps.
NP tissues from three tails (ten discs per tail) were pooled together, and
cells were isolated following pre-established protocols.”®! Briefly, tissue
was placed in a 50 mL conical tube and suspended in a combined solution
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of collagenase Il (100 UmL™", Gibco, Life Technologies, USA) and pro-
nase (10U mL™", Roche, Switzerland). A volume of 1 mL per disc was
used. Digestions were allowed to proceed for 6 h at 37°C on a rotator
at ~10 RPM. After primary cell isolation, cells were cultured at 37°C
and 5% O, in low glucose Dulbecco’s modified eagle’s medium
(DMEM) + 10% FBS+2% P/S (denoted XPAN media) and cultured
up to passage 3.

Vector-miR Nanoparticle Complexes: Nanoparticles were formulated by
the electrostatic interactions between anionic microRNA and cationic vec-
tors at specific charge (N:P) ratios. The ratio of N:P is defined as the molar
ratio of nitrogen atoms in the vectors (N) to phosphate groups in the
microRNA (P). This ratio is a critical parameter in optimizing the electro-
static interactions for effective nanoparticle formation.”*! Specifically,
combinations of miR-149-mimic (Rattus norvegicus rno-miR-149-5p sequ-
ence UCUGGCUCCGUGUCUUCACUCCC), miR-221-inhibitor (R. norvegicus
rno-miR-221-3p  hairpin  inhibitor ~sequence AGCUACAUUGUCU-
GCUGGGUUUC), and miR-Dy547 (Horizon Discovery, UK), with
vectors RALA (sequence: WEARLARALARALARHLARALARALRACEA, N:P
10, GenScript, The Netherlands) or FLR (sequence: TYRSRKYTSWYVAALLK-
RKLLKLLLKLLLKLLKRRRRRRRR, N:P 5, Dixon Lab, University of
Nottingham, UK) were prepared. Lipofectamine RNAIMAX (Thermo
Fisher, USA) was used as a transfection control following manufacturer
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recommendations. For all conditions, the vector carrier and miRs were
combined within their appropriate parameters and complexes allowed to
form for 30 min at room temperature (RT). All complexes were formed
in serum-free OptiMEM (Gibco, ThermoFisher) and prepared fresh on
the day of transfections.

Cell Transfections: Cells were plated in monolayer culture at a density of
2-2.5 x 10* cells cm™ in either 18-well chamber slides (Ibidi, Germany)
for monolayer studies or 8-10 x 10* cells cm™2 in wells of a 48 well plate
for microaggregate studies and allowed to attach overnight in XPAN.
Following, cells were washed with phosphate-buffered saline (PBS) and
media was replaced with serum free DMEM (SF-DMEM) for 24 h. On
the day of transfection, SF-DMEM was aspirated and the OptiMEM
containing the formed vector-miR complexes was added to the wells
and incubated at 37°C and 5% O, for 6 h. The transfection media was
then aspirated, fresh XPAN was added to each well, and cells were then
incubated at 37°C and 5% O, until the appropriate experimental time-
point. To quantify internalization efficiency, complexes were formed with
a fluorescently tagged nonfunctional miR-Dy-547. Internalization efficiency
was visualized using a Leica SP8 scanning confocal microscope (Leica,
Germany), and further quantified by trypsinyzing the transfected cells,
counterstaining with DAPI, and employing flow-cytometric analysis using
an LSRFortessa Flow Cytometer 24 h post-transfection. Cell viability was
determined using a live/dead kit (Invitrogen, USA) and imaged via confo-
cal microscopy.

Cytokine Challenge: For studies focusing on transfection with
functional-miRs, cells were challenged with proinflammatory cytokines prior
to transfection to better mimic the typical invivo microenvironment.
Specifically, cells were plated in monolayer culture at 2-2.5 x 10* cells cm 2
in either 18-well chamber slides, or in 48 well plates at a density of
8-10x 10*cellscm™2 and allowed to attach overnight in XPAN.
Following, XPAN was aspirated and replaced with SF-DMEM, and cells were
cultured for 24h. Media was then replaced with SF-DMEM +
50ngmL™" TNF-a+10ngmL™" IL-1B (PeproTech, USA)?** and cells
were cultured for an additional 24 h, at 37°C and 5% O,. On the day of
transfection, the cytokine-containing media was aspirated, cells were
washed with PBS, and transfection reagents were applied as outlined above.

Immunocytochemistry: Cells were washed with 1x PBS, and then fixed
with 4% PFA for 12 min. Next, cells were permeabilized with 0.2% tritonX-
100 for 20 min, rinsed with PBS, and then blocked with a solution of 5%
BSA in PBS for 30 min. Immunolabeling was then performed overnight at
4°C using mouse-anti-MMP13  (Invitrogen MA514247), rabbit-anti-
ADAMTS5 (Invitrogen PA532142), rabbit-anti-aggrecan (Invitrogen
MA532695), rabbit-anti-collagen 1l (Invitrogen PA599159), rabbit-anti-
collagen VI (Invitrogen MA532412), or rabbit-anti-SOX9 (Invitrogen
PA586301). Concentration-matched isotype controls were used for each
antibody and in all experiments. Species-matched AlexaFluor
(Invitrogen) secondary antibodies were applied, and cells were counter-
stained with Hoechst 33 342 (Invitrogen). For cell viability, cells were
stained with Calcein AM, and cell viability was calculated as the density
of live (calcein positive) cells divided by the seeding cell density.
Imaging was conducted on a Leica SP8 Scanning Confocal microscope.
Relative expression data were collected using mean fluorescence intensity
measurements of experimental conditions normalized over the controls,
all obtained using N > 3 regions of interest.

Cell Microaggregate Formation and Culture: Cells were plated in wells of
a 48 well plate at a density of 8-10 x 10* cells cm ™2 and allowed to attach
in XPAN overnight. Cells were then serum starved, exposed to a cytokine
challenge, and transfected using the appropriate conditions for 6 h as out-
lined above. After transfection, cells were trypsinized and formed into
microaggregates of 3 x 10% cells by centrifugation for 5min at 600 rcf.
Microaggregates were maintained in culture in 200 pL XPAN at 5% O,
and 37 °C. Cultures were maintained for either 3 or 14 d, with full media
exchange every 3 d.

Biochemical Assays: Sulfated GAGs were quantified using a Blyscan
glycosaminoglycan assay (Biocolor Ltd., UK) following manufacturer
recommendations. Briefly, samples were digested in 3.88 units/mL papain
enzyme solution (papain in 100mM sodium phosphate buffer/5 mM
Na,EDTA/10 mM L-cysteine) for 18 h at 60 °C, then incubated with the
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DMMB reagent for 30 min, centrifuged to precipitate bound GAG,
and resulting samples were combined with the dissociation agent and
measured at 656nm using a Synergy HT plate reader (BioTek
Instruments). Collagen content was determined using a hydroxyproline
assay. Briefly, papain-digested samples were combined with 37% HCI
and incubated at 110°C for 18 h. Samples were then vented and dried
at 50 °C for 48 h, and the resulting contents were resuspended in ultrapure
H,O. Samples were then combined with 2.82% w/v chloramine-T and
0.05% w/v 4-(dimethylamino) benzaldehyde and measured at 570 nm.
DNA content was measured using the Quant-iT PicoGreen dsDNA
Reagent and Kit (Invitrogen) following manufacturer recommendations.

Cytokine Secretion Assays: Antibody microarrays (AssayGenie, Ireland)
were employed for quantification of inflammation-associated markers in
the supernatant following cytokine challenge and subsequent functional
miR transfection. At experimental endpoints of 3 and 14 d, cell microag-
gregates were removed from culture and the supernatant was removed
and processed following manufacturer recommendations. Briefly, pat-
terned microarrays were blocked with blocking buffer for 30 min. Buffer
was then removed, and media samples were incubated on the patterned
microarrays for 2 h at RT. Membranes were then washed, biotinylated anti-
body cocktail was added to the microarrays, and arrays were cultured over-
night at 4 °C. The next day, the membranes were washed and incubated
with a 1x HRP-streptavidin solution for 2h at RT. Following, the
membranes were washed, and a supplied detection buffer mixture
solution was added. Chemiluminescence detection was performed
immediately after using a Bio Rad ChemiDoc Imaging System (Bio
Rad, USA).

Organ Culture: Intact motion segments (comprised of vertebra-disc-
vertebra units) were excised from the rat caudal spine immediately follow-
ing euthanasia as previously described.l'"! The tails were cleaned as
described in Section 2.1, the skin was removed, and peripheral muscles
were dissected to expose the intact disc. Motion segments were then
placed in wells of a 6-well plate and cultured in XPAN at 37 °C and 5% O..

To induce degeneration, a 2 pL injection containing of bacterial chon-
droitinase (cABC, 0.0025 U) was delivered into the intradiscal space using
a 10 pL Hamilton syringe (Hamilton Company, USA) and a 30 G needle.
Motion segments were then incubated for 1 week to allow mild degenera-
tion to progress. Following, a 2 uL injection containing 25 ngmL™" of
either vector-miR-Dy547 or vector-(miR-221-inhibitor + miR-149-mimic)
was likewise delivered through a 30 G needle. Motion segments were
cultured for the appropriate experimental times (3d for fluorescently
tagged nonfunctional miR colocalization studies, 2 weeks for functional
miR delivery) in XPAN at 37°C and 5% O,.P¢8

Histology and Immunohistochemistry: At the experimental endpoints of
cell microaggregate studies, the samples were fixed in 4% PFA for 20 min.
All samples were then embedded in 3% w/v agarose, dehydrated in a
graded series of ethanol (50-100%) and xylene, and paraffin wax embed-
ded. For organ culture studies, motion segments were fixed in 4% PFA w/v
for 48 h, and then decalcified in formic acid decalcification solution for an
additional 4 d prior to dehydration in a graded series of ethanol, xylene,
and wax embedded. Sections were obtained at a thickness of 8 pm for
microaggregates and 12 um for discs. Alcian blue and picrosirius red stain-
ing were carried out as previously described.®? For immunolabeling,
sections were rehydrated by using a graded series of ethanol (100-30%)
and water. Antigen retrieval was performed for disc sections by incubating
in 35 UmL"" pronase for 30 min at 37 °C. Immunolabeling was then con-
ducted as described above, using rabbit-anti-SOX9, mouse-anti-MMP13,
and rabbit-anti-ADAMTS5. Concentration-matched isotype controls were
used for all antibodies, and species-matched AlexaFluor (Invitrogen)
secondary antibodies were applied.

CPP-miR Complex Homing of Pericellular Matrix: To study the spatial
distribution of vector-miR nanoparticles upon delivery, we created a
defect by cABC delivery (0.0025U in 2 uL) of ultrapure water into a rat
caudal disc as described previously. We allowed degeneration to
progress over 7 d, and then delivered 2 pL of either miR-only, vector-only,
10ng mL™" vector-miR complex, or 25ng mL™" vector-miR complex
to account for reduced bioavailability as a consequence of ECM presence.
Injections were performed using a 10 uL Hamilton syringe and 30G
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needle, and using a fluorescently tagged miR-Dy547 to observe miR-
complex distribution.

To observe the GAG-homing effect of FLR, rat caudal discs were wax
embedded as previously described, and then sectioned at a slice thickness
of 12 pm. Sections were rehydrated, and antigen retrieval was performed
as described previously. Sections were blocked with PBS + 10% BSA for
30 min at RT, and stained with rabbit-anti-ColVI at RT for 2 h. Following,
sections were washed 3x and a solution containing 25 ngmL™" of miR-
Dy547 nanoparticles was added and incubated overnight at 4°C. A
species-matched AlexaFluor was added to label col VI, and sections were
then imaged using a Leica SP8 Scanning Confocal microscope.

Statistics: Statistical analysis was performed using GraphPad Prism
(V 9.4.1) software. One-way ANOVAs with Tukey’s multiple comparison
tests were used to compare groups. All graphs are displayed as mean
+ standard deviation. Significance was accepted at p < 0.05 for all tests.
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