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Abstract

Rapid joint clearance of small molecule drugs is the major limitation of current clinical
approaches to osteoarthritis and its subtypes, including post-traumatic osteoarthritis (PTOA).
Particulate systems such as nano/microtechnology could provide a potential avenue for improved
joint retention of small molecule drugs. One drug of interest for PTOA treatment is flavopiridol,
which inhibits cyclin-dependent kinase 9 (CDK9). Herein, polylactide-co-glycolide microparticles
encapsulating flavopiridol were formulated, characterized, and evaluated as a strategy to

mitigate PTOA-associated inflammation through the inhibition of CDK9. Characterization of the
microparticles, including the drug loading, hydrodynamic diameter, stability, and release profile
was performed. The mean hydrodynamic diameter of flavopiridol particles was ~15 um, indicating
good syringeability and low potential for phagocytosis. The microparticles showed no cytotoxicity
in-vitro, and drug activity was maintained after encapsulation, even after prolonged exposure to
high temperatures (60 °C). Flavopiridol-loaded microparticles or blank (unloaded) microparticles
were administered by intraarticular injection in a rat knee injury model of PTOA. We observed
significant joint retention of flavopiridol microparticles compared to the soluble flavopiridol,
confirming the sustained release behavior of the particles. Matrix metalloprotease (MMP) activity,
an indicator of joint inflammation, was significantly reduced by flavopiridol microparticles 3 days
post-injury. Histopathological analysis showed that flavopiridol microparticles reduced PTOA
severity 28 days post-injury. Taken altogether, this work demonstrates a promising, biomaterial
platform for sustained small molecule drug delivery to the joint space as a therapeutic measure for
post-traumatic osteoarthritis.
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1. Introduction

Post-traumatic osteoarthritis (PTOA) is a subtype of OA that begins with the deterioration
of subchondral bone and cartilage after acute injuries such as anterior cruciate ligament
(ACL) rupture, meniscus tear, and shoulder dislocation.[1-3] Approximately 12% of all
symptomatic osteoarthritis (OA) in the United States will develop PTOA, which equates
to approximately 5.6 million cases and up to $3 billion in annual treatment cost.[1, 2]
Generally, PTOA initiates in a younger and more active population.[4, 5] Additionally, the
incidence of ACL injuries is at least 10 times or higher among U.S. military members,
compared to the reported rate for the U.S. population, and these patients have markedly
increased risk of developing PTOA within 2-5 years.[6-8] Current clinical treatment of
common knee injury focuses largely on relieving joint pain and stiffness. These palliative
measures do not prevent the onset of cartilage and bone degeneration during the acute
post-injury phase.[3, 9, 10] As such, patients are typically afflicted with chronic pain, loss
of function and mobility, and the associated financial burdens.[3, 9, 10] Emerging evidence
suggests that if disease intervention occurs at an early stage, the long-term prognosis of
disease is much improved.[3, 9, 10] In this vein, scientists have strived to identify and
understand key cellular and molecular changes after joint injury, which could guide the
development of effective treatments for PTOA.

Post-traumatic osteoarthritis is initiated at the molecular and cellular level immediately

after joint damage. During the early injury response phase, a number of primary response
genes and pro-inflammatory cytokines, such as interleukin (IL)-1B, IL-6, and tumor necrosis
factor (TNF)-a, are rapidly induced on a time-scale of minutes to hours.[2, 11-13] These
inflammatory mediators then increase the production of matrix degrading enzymes such

as matrix metalloproteases (MMPs), collagenases, aggrecanases, and cathepsins that cause
secondary damage to various joint tissues during the late injury response phase.[14-17] The
enzymatic degradation of matrix initiates OA via a cascade of destructive events: 1) reducing
the stiffness and elasticity of cartilage, 2) increasing hydraulic permeability of cartilage, 3)
increasing the accessibility of remaining cartilage matrix structures to enzymatic digestion,
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4) thickening of the subchondral bone plate, 5) prompting structural changes to the
underlying trabecular bone, 6) inducing formation of osteophytes and heterotopic bone,
and 7) synovial tissue hypertrophy and initiating fibrosis. Attenuating these early injury
responses could prevent irreversible molecular damage to the joint tissues and decrease the
likelihood of PTOA development.[14-16]

The cyclin-dependent kinase 9 (CDK?9) has been studied recently as a target for inhibition

of inflammation. It is a serine/threonine kinase that forms the catalytic core of the

positive transcription elongation factor b, which is necessary for RNA polymerase 1l (pol 11)-
dependent transcription of mMRNAs.[18] This kinase is critical for stimulating transcription
elongation of core inflammatory signal genes and its activity is the rate-limiting step

for transcriptional elongation of primary response genes.[17] Previously, we showed that
flavopiridol, a well-characterized pharmacological CDK9 inhibitor, inhibited inducible nitric
oxide synthase (iNOS) and a broad range of inflammatory mediator gene expressions under
pro-inflammatory stimuli.[19] Moreover, the activation of catabolic genes MMP-1, 3, 9, 13,
and, ADAMTS(a disintegrin and metalloproteinase with thrombospondin motifs)-4, and -5
were dampened by flavopiridol.[20] These results demonstrated that flavopiridol can be used
as an effective agent to prevent the activation of acute inflammatory response and catabolic
pathways in cartilage and strongly suggested that this small molecule could provide a route
for pharmacological intervention.

With respect to pharmacological intervention, localized intra-articular (1A) therapies are now
seen as a much-preferred route than systemic therapy for OA. Intra-articular treatment has
distinct advantages over systemic delivery, including lower overall doses, fewer systemic
and adverse effects, as well as direct delivery of an active drug to the joint space that

renders higher bioavailability.[21-23] However, intra-articularly injected drugs are rapidly
cleared from the synovial fluid via the associated lymphatics and vasculature. The half-life
of drugs administered via this route ranges from 1 to 13 hours, depending on the size of
drugs.[24] Because of the short residence time in the intra-articular space, patients often
receive multiple drug administrations, which introduces additional risks of adverse effects or
joint damage.

Alternatively, microsphere biomaterial-based technologies have emerged as new platforms
for offering sustained drug release and circumventing drug resistance. Of the various
polymers used to make these drug delivery vehicles, poly lactic-co-glycolic acid (PLGA)

is perhaps the most popular on account of its biodegradability, biocompatibility, high
encapsulation capacity, as well as the ability to entrap hydrophilic and lipophilic drugs.[25]
Moreover, PLGA has been approved by both the U.S. Food and Drug Administration (FDA)
and European Medicine Agency (EMA) for the use in human, making the regulatory hurdle
for derived vehicles significantly less challenging.[26]

Herein, we hypothesized that intra-articular delivery of flavopiridol-encapsulating PLGA
microspheres would reduce OA severity and could prevent PTOA by early attenuation of
inflammation. We tested this hypothesis in a rat model of PTOA using our previously
established tibial compression-induced knee injury method.[16, 21, 27]
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2. Materials and methods

2.1 Microparticle fabrication, characterization, and stability

2.1.1 Fabrication of flavopiridol-loaded PLGA microparticles (FPs).—The
flavopiridol microparticles (FPs) were provided by Tesio Pharmaceuticals (Davis, CA),

or prepared in Lewis lab using a single emulsion-solvent evaporation technique similar

to the previously described protocol[28, 29]. Briefly, 100 mg of PLGA (Lactel B6013-2,
Evonik, Essen Germany) was dissolved in 0.5 mL of methylene chloride. Flavopiridol

and fluorescent dyes at 2.4% (g/g drugs/ polymer) were added into the polymer solution,
and then added to 1 mL of 10% poly(vinyl alcohol) solution in water. The solutions

were vortexed at a full speed of a vortex mixer for 30 s to form particles. The particle
suspensions were transferred to 30 mL of 1% poly(vinyl alcohol) and the particles were
pelleted, subsequently washed with water, lyophilized and stored at =20 °C for further use.
For the microparticle preparation using a NanoAssemblr system (Precision NanoSystems,
Vancouver, Canada), a syringe of ethyl acetate solution containing flavopiridol or fluorescent
dye at 2.4% weight percent (g drug/g polymer) and 1 mg/mL PLGA, and another syringe of
aqueous solution containing 0.1% poly(vinyl alcohol) were attached to the instrument. The
solutions were dispensed into the microfluidic cartridge at the total flow rate of 4 mL/min.
The particles were collected and washed as mentioned earlier. The blank particles (BPs)
were also synthesized as a control in which no drug was added during the formulation.

Size distribution was measured by an Accusizer model 770 optical particle sizer (Entegris,
Billerica MA).

2.1.2 Loading efficiency and stability of Flavopiridol-loaded microparticles—
The loading efficiency was determined by first dissolving PLGA microparticles in DMSO,
followed by measuring the drug absorbance or fluorescence intensity in this solution. The
calculation of loading efficiency was performed using a standard curve of the absorbance
(280 nm) of flavopiridol and the fluorescence intensity (excitation at 630 nm, emission at
680 nm) of Cy5-flavopiridol. The stability of flavopiridol in the microparticles was tested
by subjecting the microparticles to varying temperatures (4, 25 and 60 °C) for 1-3 months.
Flavopiridol bioactivity was tested using an assay based on inhibition of IL-13-induced
NF-xB luciferase activity.

2.1.3 Scanning Electron Microscopy Imaging.—The particle geometry and size
were determined using scanning electron microscopy (SEM) imaging using a field emission
SEM (S-4100T, Hitachi High Technologies America, Inc., Pleasanton, CA). The sample
preparation involved depositing 10 pL of PLGA particle dispersion in Milli-Q water onto

an Al-stub, then washing with milli-Q water and drying. The dried sample was then coated
with 10 nm of gold via sputter coating (Ted Pella Inc., Redding, CA) and transported to the
SEM vacuum chamber. For SEM imaging, typical acceleration voltage and emission current
were 2 kV at 10 uA, respectively, and images were processed in Image J. For time dependent
SEM studies, we placed 4 mg of particles in 0.5 mL of 1X PBS buffer containing 0.2%
(V/IV) Tween-20 in a 1.5 mL Eppendorf tube at 37 °C with mixing at 80 rpm, and at selected
time points of release we centrifuged the mixture (1500 rpm/5 min) to a pellet. The pellet
was washed with 1 mL of water and 50 pL of fresh water was added to the pellet, and 10
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pL of the particle suspension was drop cast on the sample. 500 pL of fresh release medium
was added to the particle suspension and placed back under release conditions to be used in
subsequent time points.

2.1.4 Synthesis of Cy5-labelled flavopiridol—Cy5-carboxylic acid (29 mg, 72.17
pmol), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydrochloride (EDC, 36.89 mg,
192.45 pmol) and 4-Dimethylaminopyridine (2.94 mg, 24.06 umol) were added to a
solution of flavopiridol (25 mg, 48.11 pmol) in anhydrous dimethylformamide. The reaction
mixture was stirred under dry condition for 18 h, then the solvent was removed /n vacuo.
The reaction was purified by reversed phase HPLC using hexane/ethyl acetate and the
fractions were dried under vacuum to afford 25 mg of a blue solid (60% yield). Using high-
resolution mass spectrometry (ESI/Orbitrap), the molecular mass of the product was found
to be 866.3990 m/z, which is close to the calculated mass of Cy5-labelled flavopiridol,
(Cs3H57CIN3Og™ (IM]7), 866.3931 m/z) (Figure S3).

2.1.5 Synthesis of Cy7-labelled PLGA—The synthesis was modified from

the previously reported protocol[30] Briefly, EDC (61 mg, 2.76 mmol) and A-
hydroxysuccinimide (NHS, 31 mg, 1.4 mmol) were added to a solution of PLGA (500

mg, 23 umol) in anhydrous dichloromethane. The reaction mixture was stirred under dry
conditions for 1 h, then the polymer was precipitated with diethyl ether to remove residual
NHS and EDC. The precipitated polymer was collected by centrifugation at 4,000 g for

5 min. The precipitation and centrifugation were repeated twice. The polymer pellet was
then dried under vacuo for 30-60 min. The dried polymer was subsequently dissolved in
anhydrous dichloromethane followed by the addition of Cy7-amine (16 mg, 727 umol) and
N, N-diisopropylethylamine (DIPEA, 47.5 mg, 2.16 mmol). The reaction was stirred for 18
h at room temperature and the precipitation/centrifugation were performed three times. The
Cy7-labelled PLGA was collected, dried under vacuum, and stored at =20 °C for further use.

2.2 Human chondrocyte isolation and viability

To determine the effects of the microparticles on chondrocyte viability, primary human
chondrocytes were isolated from discarded de-identified cartilage tissues obtained from
end stage osteoarthritis patients undergoing elective total knee arthroplasty, (15 consented
donors, age 44-80 years) and cultured in DMEM with 10% FBS as previously described.
[31] Chondrocytes were seeded into 96-well plates at 7,000 cells per well and cultured with
blank microparticles (BPs) or flavopiridol microparticles at various concentrations (0.5 —

4 mg/mL). The supernatant was collected over 6 days, and cell viability was assessed by
quantifying lactate dehydrogenase release (LDH assay kit Thermo Fisher) following the
manufacture’s protocol.

2.3 NF-xB luciferase assay for flavopiridol bioactivity

To assess the bioactivity of flavopiridol, we quantified its inhibition of IL-1pB-induced
activation of an NF-xB luciferase reporter expressed in HEK293 recombinant cell line
(BPS Bioscience). Cells were seeded into wells of either standard 96-well tissue culture
plate (Corning) or transwell-96 plates at a density of 30,000 cells/well. Cells were allowed
to attach for 24 h, then pretreated with flavopiridol or blank microparticles at various
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concentrations of 0.25, 0.5, and 1 mg/mL for 24 h. For transwell experiments, the particles
were added into the inserts. In some wells, free (not PLGA-encapsulated) flavopiridol was
added to a final concentration of 300 nM. Cells were then treated with 10 ng/mL of IL-1p
for 24 h, and analyzed for NF-xB luciferase activity using neolite reporter gene assay
system (PerkinElmer) following the manufacture’s instruction. The luciferase intensity was
measured using a luminescence plate reader (Molecular Devices). Cell viability was assayed
as described in section 2.2 using an LDH assay Kit.

2.4 Release kinetics of flavopiridol in PBS and human synovial fluid

The release profiles of the flavopiridol from the PLGA microparticles was tested both
in PBS and in synovial fluid. First, 4 mg of lyophilized flavopiridol microparticles were
dispersed in 0.5 mL of PBS/0.2% Tween-20 aqueous solution at 37 °C. The Tween-20
solution was added to ensure sink conditions such that the dissolution medium can dissolve
at least two times the amount of flavopiridol encapsulated. At selected time points, the
suspension was centrifuged at 4000 rpm for 5 min and the supernatant was extracted for
determination of flavopiridol concentration using UV-Vis spectroscopy (see section 2.1.2).
The particles were then dispersed again in 0.5 mL fresh medium until the next time point.
The in vitrorelease at a given time point, t, was quantified by the cumulative percentage of
flavopiridol, defined as the total released divided by the total encapsulated flavopiridol, my.
At each time point, the flavopiridol mass in the supernatant solution, my, was determined
using UV-Vis measurements of its flavopiridol concentration. The cumulative percentage
of flavopiridol was calculated using eq (1) by adding the amount of flavopiridol released
at each time point until the designated time, t, then divided by the amount of flavopiridol
encapsulated (mg)

1 =1y

Cumulative Release (%) = EZ ,m eq (1)
A=

Flavopiridol release kinetics in human osteoarthritis synovial fluid, was determined using
slight modifications of a previous published protocol[32]. Human Osteoarthritis synovial
fluid was purchased from Discovery Life Sciences (Santa Barbara, CA). Microparticles (2
mg) were added in 0.5 mL of synovial fluid. Standard flavopiridol were prepared in DMSO
at a concentration of 7.5 mM and were diluted in microcentrifuge tubes containing synovial
fluid (0.5 mL) at various concentrations (0.1-1 pM) and the samples including the standard
were incubated at 37 °C for 1, 3, 7, 14, 28, and 32 d. After designated incubation time,

the sample and standards were added to acetonitrile (1 mL) to extract flavopiridol and
precipitate proteins. The samples were then vortexed for 30 s and centrifuged at 12,000

g, 4 °C for 10 min. The supernatant was collected and dried under vacuo. Samples were
then reconstituted in 50% acetonitrile in water and analyzed by liquid chromatography—mass
spectrometry (LC-MS) using a protocol previous reported[32]. The cumulative release was
quantified using the peak intensity of flavopiridol detected in the synovial fluid by LC-MS
and the calculation was done similarly based on eq (1).
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2.5 Biodistribution of PLGA microparticles upon intra-articular administration

All animals were maintained and used in accordance with NIH guidelines and approved by
UC Davis Institutional Animal Care and Use Committee (approval number 21870). Rats
were housed two per cage, 20-26 °C ambient temperature, 12-hour light/dark cycle, with

ad libitum access to food and water. Animals were monitored by husbandry staff at least
once every day, with monthly healthcare checks by a veterinarian. A total of 14 Lewis rats
(male, 12-week-old, Charles River) were used for biodistribution studies. The experiment
consisted of 3 groups: 1) untreated control; 2) soluble Cy5-labeled flavopiridol treated group
and; 3) Cy7-labelled PLGA particles with encapsulated Cy5-labeled flavopiridol treated
group. The rats were intra-articularly injected with 0.7 mg of the Cy7-labelled PLGA
particles with encapsulated Cy5-labeled flavopiridol. As a control, a cohort of Lewis rats
were injected with an equal dose of soluble Cy5-labeled flavopiridol. After the injection,
mice were imaged using a whole-body imager (1VV1S-200) at various time points (30 min,

4 h, 24 h, 48 h and 72 h). After 3 days, rats were euthanized, and the liver and kidneys
dissected and assessed for the presence of fluorescence using an IVIS Spectrum Imaging
System (PerkinElmer) under isoflurane anesthesia and monitoring the fluorescent signal

of Cy5 and Cy7 using excitation/emission wavelengths of 640/700 nm and 745/800 nm,
respectively. Circular regions of interest (ROI) encasing the knee joints were created, and the
average radiant efficiency [p/s/cm?/sr])/[uW/cm?] in the ROI was calculated as a measure of
fluorescent signal intensity using Living Image software 4.2 (PerkinElmer).

2.6 Non-invasive mechanical injury rat model of osteoarthritis

A total of 49 Lewis rats (male, 12-week-old, Charles River) were used for this experiment.
The experiment consisted of 3 groups: 1) uninjured control; 2) injured and vehicle treated;
and 3) injured and drug treated. Osteoarthritis was induced in the right knee by a tibial
compression to rupture the anterior cruciate ligament (ACL) as described in a mouse
model,[16] except with scaled up holding platens to fit a rat knee. Briefly, animals were
anesthetized using isoflurane, and the right knee was placed at a flexed angle between

the holding platens positioned within an electromagnetic material testing machine (Bose
ElectroForce 2100, Eden Prairie, MN), and subjected to a dynamic axial compressive

load (1 mm/s loading rate) to a target compressive load of 85N. This loading method
causes a transient anterior subluxation of the tibia relative to the distal femur. The ACL
tear was verified by an audible “snap”, and a corresponding abrupt change in the force
displacement curve profile on the Bose ElectroForce instrument. Immediately after injury,
50 uL of flavopiridol-loaded or blank microparticles (0.8 mg particles) were administered by
intra-articular injection.

2.7 In-vivo imaging of MMP activity

A total of 20 Lewis rats were used for detection of MMP activity. Intra-articular levels of
MMP activity were assessed as an indication of inflammatory and catabolic processes. At
day 1 post-injury, while under isoflurane anesthesia, both knees of each animal received
an intra-articular injection 50 pL of MMPSense 750FAST (PerkinElmer, Boston, MA)
resuspended in PBS as recommended by the manufacturer. Animals were then placed in
an IVIS Spectrum Imaging System (PerkinElmer) under isoflurane anesthesia, and the
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fluorescent signal of MMPSense750 monitored using excitation/emission wavelengths of
745/800nm. Circular regions of interest (ROI) encasing the knee joints were created, as
described in the biodistribution study.

2.8 Histological analysis

At 3 days and 4 weeks post-injury, animals were euthanized by carbon dioxide asphyxiation.
Both knees were dissected, fixed in 4% paraformaldehyde for 48 h, and stored in 70%
ethanol. Samples were demineralized in 10% formic acid for 4 weeks, thoroughly rinsed in
water, and paraffin-embedded. Sagittal sections of (4 um) of the medial tibiofemoral joint
were stained with hematoxylin and eosin and graded for synovitis on a scale of 0-9[33]. In
addition, 4 weeks samples were stained with Safranin-O and Fast-Green and scored for OA
using the modified Mankin scoring system[34], which consists of a combined score of 0-23
based on the following four categories: cartilage surface integrity (0-10); cellularity (0-4);
cell cloning (0-4); and safranin O staining (0-5).

2.9 Statistical Methods

Statistical analyses were performed for multiple comparison using a one-way ANOVA.
Statistical significance was determined by a one-way analysis of variance (ANOVA),
followed by Tukey’ s multiple-comparison test. For two group comparison, the data
distribution was first tested for normality using the Shapiro-Wilk test. If the data were
normally distributed, the means of each treatment group were compared using the Student’s
t-test (unpaired). Conversely, for the data distribution that was not normal, Mann-Whitney

U test (unpaired) was used to compare the difference between two groups. Differences were
considered significant if p < 0.05 using the Prism software (Mersion 8, GraphPad). Error bars
represented mean * standard error of the mean (S.E.), unless otherwise indicated.

3 Results

3.1 Fabrication and characterization of flavopiridol-loaded microparticles

Flavopiridol-loaded PLGA microparticles were formulated using a single emulsion
technique in-house, and injection-grade material was provided by Tesio Pharmaceuticals.
The properties of the microparticles including size, morphology, drug loading, and stability
were investigated, and were comparable between the two sources. Microparticle size affects
polymer degradation and, therefore rate of drug clearance from the synovial capsule.

The hydrodynamic radius of MPs was constrained to approximately 10-20 um, which is
considered to be injectable and unphagocytosable.[35-37] The results showed the mean
hydrodynamic diameter of the microspheres (generated by Tesio Pharmaceuticals) was
~14.9 um, as determined by an Accusizer (Table 1). The morphology and shape of

the microparticles was confirmed to be smooth and spherical, respectively, through SEM
analysis (Figure 1). Flavopiridol was successfully loaded into the particles up to 1.2%

of mass concentration and the loading efficiency was 50%, calculated from the actual

mass of compound added (Table 1). Additionally, particles were also synthesized in Lewis
laboratory. Several variables including time of emulsification and amount of surfactant
were identified, and the optimized condition as described above. With this optimized
protocol, particles with characteristics that parallel those produced by Tesio Pharmaceuticals
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were formulated. The preparation methods between a vortex mixer and a Nanoassemblr
system for MP preparation were also compared (Table 1). The result showed that vortexing
gave better yields and loading efficiencies than those made by the Nanoassemblr system.
Therefore, the vortex method was chosen for the remainder of experiments. For the
biodistribution study, the fluorescently-labelled microparticles were fabricated using Cy5-
labelled flavopiridol. Increased Cy5-labelled flavopiridol in the starting solution improved
the loading efficiency and loading amount. The fluorescently-labeled microparticles with
loaded flavopiridol comparable to the non-labeled microparticles were selected for use in the
biodistribution study.

3.2 Viability of human chondrocytes exposed to flavopiridol-loaded microparticles

The effect of flavopiridol-loaded microparticles on the cytotoxicity in human chondrocytes
was assessed using an LDH assay. The blank (unloaded) microparticles (BPs), as well as the
drug-loaded particles showed no toxicity to the cells at the tested concentrations (Figure 2B).

3.3 Biological property and stability of flavopiridol microparticles

Various storage temperatures and times (4, 25 and 60 °C for 1-3 months) were evaluated

for long-term stability of microparticles loaded with flavopiridol (Figure 2A). Two types of
plates, a transwell plate or a regular plate, were used in this study to illustrate that the source
of bioactivity was the compound released from the particles, and not from direct contact
between the cells and the FPs. Unsurprisingly, there was no significant difference between
the two experimental settings. The viability of the cells after 24 hours with the FPs was first
assessed to confirm that the effects on NF-xB activity did not result from toxicity (Figure
S1). As expected, IL-1p treatment increased NF-«xB activity, and the IL-1p-induced increase
was inhibited by soluble flavopiridol and by flavopiridol microparticles, but not blank
microparticles. This indicates that flavopiridol released from the microparticles retained its
biological activity after encapsulation (Figure 2C-D). Flavopiridol microparticles retained
their biological activity even after extended storage at higher temperatures (Figure 2E). It
must be noted that FPs stored at 60 °C showed a color change to yellow and the particle
dispersion in media was different to the control. The color of the solution of microparticles
kept at 60 °C was clear yellow, whereas the color of FPs stored at other conditions remained
white and cloudy in texture (Figure S2).

3.4 Release kinetics of flavopiridol microparticles in PBS and human synovial fluid

The in vitrorelease profile of flavopiridol from the microparticles was characterized in PBS
and human synovial fluid. Microspheres loaded with flavopiridol demonstrated typical linear
release characteristics for PLGA with approximately 80-90% of the flavopiridol released

by day 30 regardless of the immersion fluid (Figures 3B). SEM images showed that the
microparticle morphology changed over time, in a manner consistent with their degradation
and flavopiridol release during incubation in PBS at 37 °C (Figures 3C).

3.5 Biodistribution of flavopiridol MPs

The biodistribution of flavopiridol microparticles was assessed in rat knee (stifle) joints
using dual fluorescently-labelled flavopiridol and fluorescently labeled microparticles. We
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first synthesized Cy5-flavopiridol and Cy7-PLGA using EDC chemistry (Figure 4A).

The encapsulation of Cy5-flavopiridol with Cy7-PLGA was then performed and the
characterization is reported in Table 1. As expected, soluble Cy5-flavopiridol fluorescent
intensity rapidly declined, whereas microparticle-encapsulated Cy5-flavopiridol and Cy7-
PLGA microparticles retained most of their fluorescence intensity in the joint out to at least
3 days (Figure 4B-E). There were significant differences in the drug retention between
soluble Cy5-flavopiridol and Cy5-flavopiridol in FPs at 24, 48 and 72 h. Some organs,
including liver and kidneys, were harvested and assessed for drug- and PLGA-associated
fluorescence. Results showed that significant drug accumulation occurred in the liver for the
soluble Cy5-flavopiridol treatment, whereas fluorescence levels were below detection limits
for the livers and kidneys of rats given PLGA encapsulated Cy5-flavopiridol (Figure 4F).

3.6 Evaluation of Flavopiridol microparticles in a rat ACL injury model of PTOA

Matrix metalloproteinases are proteolytic enzymes that catalyze the degradation of various
proteins in the extracellular matrix, and therefore can indicate the level of inflammation and
enzymatic degradation within a tissue[39]. MMPsense was used to quantify the presence

of MMPs and activity in joints. After ACL rupture on the right knee, rats were injected
with the described MP treatments and/or MMPsense (Figure 5A). In the rat PTOA model,
the non-surgical joint injury caused a substantial increase in the MMPsense fluorescence
intensity in the injured right knee relative to the uninjured left knee of the same animal,
indicating that injury increased the local MMP activity (Figure 5B). At the early post-injury
time points, intra-articular injection of flavopiridol microparticles markedly reduced the /n
vivo MMP activity (Figures 5C-E).

3.7 Histopathology following treatment with flavopiridol microparticles

Given the promising signs of reduced inflammation due to application of FPs, we next
assessed the potential of flavopiridol microparticles to limit osteoarthritis progression in a rat
knee injury model (Figure 6). In vehicle-treated animals, knee injury markedly increased

the synovitis score (p<0.0001). In contrast, treatment with flavopiridol microparticles
significantly reduced the synovitis score at 3 days and 28 days post-injury (p<0.05). Next,
osteoarthritis was evaluated histologically based on the Modified Mankin’s score on a scale
of 0-23. Results showed that knee injury markedly increased the severity of osteoarthritis

in vehicle-treated animals. Treatment with flavopiridol microparticles reduced osteoarthritic
scores significantly at the femoral condyle, and a similar trend of reduced OA severity was
observed in the tibia although the tibial scores did not reach statistical significance.

4 Discussion

We have developed a controlled-release microparticle formulation encapsulating a CDK9
inhibitor (flavopiridol). Flavopiridol microparticles were successfully formulated using a
single emulsion-solvent evaporation technique. Particulate size is often a crucial factor for
accumulation, retention and penetration of particles in the knee joint space. Nanoparticles
with a hydrodynamic <250 nm are flushed from synovial capsules freely. Particulates
ranging from 100 nm to 5 um are phagocytosed by macrophages and other phagocytes[35—
37, 41-43]. As such, we engineered our Flavopiridol-loaded microparticles to have a
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hydrodynamic diameter of about 15 um, which is also suitable for syringe delivery into
the intra-articular space[35-37, 41-43].

Safety is the key element in drug development; therefore, the cytotoxicity of flavopiridol
microparticles was amongst the first primary outcomes to be assessed. Flavopiridol and
blank microparticles show no toxic effects following extended cultures with human
chondrocyte cells. This is not surprising, as many previous studies have shown that
PLGA particulate formulations are not harmful to a variety of cells[44—-46]. Further, we
confirmed that the bioactivity of the flavopiridol remained after the encapsulation, using
cell-based assay based on inhibition of IL-1p-induced NF-xB luciferase activity. The
fabrication process of PLGA particles is known to be quite harsh and can often denature
the encapsulated drug, rendering it useless for its intended purpose. However, that is not
the case here and encapsulation did not interfere with the bioactivity of flavopiridol. The
long-term stability and bioactivity of the flavopiridol microparticles was also investigated.
Even after 90 days at 60 °C, FPs still release active flavopiridol comparable to that stored
at —20 °C, suggesting this formulation easily negates the necessity of the cold chain
system. A weakness of this assay is that we did not measure the release kinetics in the
samples stored at higher temperatures. Another critical metric for the ultimate application
of this formulation is the drug release profile of flavopiridol microparticles, which we
evaluated in both phosphate-buffered saline and human osteoarthritic synovial fluid. The
data demonstrates that, irrespective of fluid, the sustained release profile occurred over the
course of 30 days, which is comparable or even longer than similar constructs[47, 48]. This
is explained by that the difference in particle constitution and size. The prolonged release
of flavopiridol from our microparticles suggests that a single intra-articular injection may
suffice for maintenance of effective drug concentration within the joint capsule to achieve
the outcome of reduced inflammatory gene expression.

Moreover, we observed a linear release profile of flavopiridol from PLGA microparticles,
again regardless of the immersion fluid, which is consistent with release of small, oil-soluble
drugs from PLGA particles formulated in previous studies[26, 29].

Central to our hypothesis is that flavopiridol microparticles remain largely within the knee
joint space to allow for sustained delivery of flavopiridol to this inflamed area. Through
independently fluorescently-labelling flavopiridol and PLGA, we were able to visualize the
location of these agents in real time /in vivo after the injection, and determine the clearance
rate of both the small molecule drug and PLGA biomaterial. The slower rate of clearance
of Cy5-flavopiridol entrapped in microparticles compared to the soluble compound could
be due to the protection of the encapsulated flavopiridol by microparticles and the steady
and slow release of the compound. PLGA showed the slowest rate of clearance as it has
the most abundance among the others sample and also a chemical degradation process
takes longer time than the release of entrapped small molecule. We also collected liver and
kidneys and imaged them to trace the compound or degraded polymers in these organs.
Flavopiridol accumulation in the liver was only evident for the soluble Cy5-flavopiridol
treatment, indicating rapid clearance from the knee joint following administration. The
higher concentration of the free unencapsulated flavopiridol in the liver at early times may
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cause adverse effects[49], highlighting another benefit of the microparticle formulation as a
safer drug delivery strategy.

We evaluated the therapeutic efficacy of the flavopiridol microparticles in preventing PTOA
in a rat model that employs a noninvasive technique to introduce ACL rupture. Since
MMP is the major proteases involved in cartilage degradation, MMP activity was used to
visualize the inflammation stage after the acute injury[39]. A significant increase in MMP
activity was observed in the injured group of rats compared to those uninjured, confirming
that the enzymatic degradation in the joint occurred at the early stage of PTOA (2-3
days). Flavopiridol microparticles reduced the protease activity of MMPs 2-3 days post
injury. Histological data suggests that both short- and long-term treatment are significantly
effective as the flavopiridol microparticle-treated group had lower scores in both synovitis
and Modified Mankin’s scores. Taken together, these results indicated that intra-articular
flavopiridol microparticle treatment is biologically active and efficacious in reducing
synovitis and osteoarthritis severity. Finally, it has to the noted that the injury model used
in this study is considered to be a relatively severe model of PTOA and with respect

to knee damage, goes beyond what is typically observed in human patients with PTOA
[27]. In addition, a limitation of this study is that we cannot rule out additional damage

to other surrounding tissues/ ligament/tendon beside the ACL, leading to co-morbidities
with confounding results in the long-term. With this context, the significant reduction in
MMP activity and improved histopathological outcomes at acute time points is a hugely
promising - the onset inflammation could be reduced using FPs. Future pharmacokinetic
study including flavopiridol release after injection is required for optimization of drug
treatment plan, in order to achieve the full potential of the drug treatment.

5 Conclusions

In summary, flavopiridol was successfully encapsulated in biocompatible PLGA
microspheres of a hydrodynamic diameter that allows for delivery via syringe whilst
circumventing phagocytosis. Following encapsulation, the biological activity of the
flavopiridol was still intact and the particle formulation showed high stability, even at
high temperatures, after storage for 1 — 3 months. Microspheres encapsulating flavopiridol
slowly degraded, released the active flavopiridol into the joint capsule, and showed an
improved joint residence time over the un-encapsulated flavopiridol in rat knee joints.
More importantly, with the controlled-release properties, the microparticle construct showed
no or low flavopiridol accumulation in liver and kidneys, unlike the unencapsulated free
flavopiridol. In addition, the flavopiridol microparticles reduced the severity of PTOA at
the early and later stages after joint injury. Altogether, the data in this study provides
strong evidence for further development of this strategy as a promising disease-modifying
anti-PTOA treatment.
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Figure 1. Preparation and characterization of flavopiridol-loaded PLGA particles.
A schematic depicting particle preparation, and characteristic properties of the generated

particles are provided (A, Table 1) An SEM image of FPs (B). The scale bar (in white)
represents 20 um.
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Figure 2. NF-xB activity of flavopiridol-loaded microparticles (FPs).
Methods used to determine the viability and bioactivity of FPs (A). Cytotoxicity of PLGA

particles encapsulating flavopiridol was evaluated (B). NF-xB luciferase activity of PLGA
particles encapsulated with flavopiridol in experiment settings performed in a regular plate
(C) or in a transwell plate (D). Reporter cells were treated with media, soluble flavopiridol,
IL-1pB, blank MPs and/or flavopiridol-loaded MPs and the supernatants were collected

and analyzed for NF-xB luciferase activity. For stability of PLGA particles encapsulating
flavopiridol (E), NF-xB luciferase activity of microparticles loaded with flavopiridol after
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storage at different temperatures for different time periods 0, 30, 60, and 90 days was
examined. Data are presented as the mean + S.E. (n = 3 independent experiments). The
statistically significant differences were calculated in comparison to the control where the
following symbols represent the stated levels of significance: * - p<0.05, ** - p<0.01, and
**** . p<0.0001 as determined by a one-way analysis of variance (ANOVA), followed by
Tukey’s multiple-comparison test.
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Figure 3. Release kinetic of FPs.
Schematic depicting study design for release kinetics of flavopiridol-loaded microparticles

(A). Release profile of flavopiridol-loaded MPs in human synovial fluid in PBS and
synovial fluid (B). SEM images of FPs at designated time points during /7 vitro release
measurements. The scale bar (in white) represents 20 um (C).
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Figure 4. Biodistribution of Flavopiridol-loaded microparticles following intra-articular injection
in rats.

Steps for chemical conjugation of Cy7-labelled PLGA and Cy5-labelled flavopiridol (A).
A schematic depictive the approach for the FP biodistribution study (B). Representative
IVIS image of rats after injection with microparticles or soluble flavopiridol are shown.
The image is a merged picture of fluorescent signal in color and a grayscale picture of the
rats. (C). The scale bar (in white) represents 4 cm (C). The fluorescence intensities were
used to calculate the ratio of right knee to the left knee which were plotted to represent
clearance of fluorescently-labeled FPs and Cy5-labelled flavopiridol from rat knees (D-E).
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Representative VIS image of livers and kidneys harvested from rats at 72 hours after
intra-articular injection of either flavopiridol-loaded microparticles or soluble flavopiridol
are shown (F). The scale bar (in black) represents 1 cm (F). Data are presented as the mean +
S.E. (n = 4 for experimental group) and the following symbols represent the stated levels of
significance: ** - p<0.01, *** - p<0.001 as determined by unpaired t-test or Mann-Whitney
U test depending on the type of data distribution.
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Figure 5. Flavopiridol-loaded microparticles reduces MMP activity in PTOA joints.
A schematic depicting the experimental approach for generation of non-invasive PTOA and

in vivo imaging of MMP activity (A). The graph shows that MMP activity in injured
knees (n=8) was significantly higher than the controls (uninjured; n=4) (B). A third
cohort of rats (n=8) were subjected to noninvasive ACL rupture in their right knees and
subsequently injected with either BPs or FPs (0.8 mg particles in 50 uL PBS). MMPsense
were administered on both knees and the whole rats were imaged by IVIS on days 2 and
3 after injury (C). Representative VIS images of knees after MMPSense750 injection are
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shown (D, E). The images are merged pictures of the fluorescent signal in color and a
grayscale picture of the mouse. Blue circles on both knees are ROI with the same shape and
size for each specimen. The scale bar (in white) represents 2 cm (D, E). Data in graphs (B,
C) are presented as the mean + S.E. (n = 4 independent experiments), and the following
symbols represent the stated levels of significance: * - p<0.05, ** - p<0.01, as determined by
unpaired t-test or Mann-Whitney U test depending on the type of data distribution.
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Figure 6. Efficacy of flavopiridol-loaded microparticle therapy in a rat PTOA model.
Representative images of synovial tissues stained with hematoxylin/eosin at day 3 after ACL

injury. FP treatment reduced the level of synovitis, compared to vehicle-treated animals

(A). The scale bar (in black) represents 100 um (A). Synovitis in all animal groups were
assessed by 2 blinded observers as described in the experimental procedures. The individual
synovitis scores were used in the box plots (B). FP treatment significantly reduced the levels
of synovitis, both at the 3- and 28-day time points (B). Data are used in the box plots

(n = 8/ group with 4 contralateral uninjured knees from each group serving as controls),

Acta Biomater. Author manuscript; available in PMC 2023 June 20.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sangsuwan et al.

Page 25

and the following symbols represent the stated levels of significance: * - p<0.05, **** -
p<0.0001, as determined by unpaired t-test or Mann-Whitney U test depending on the type
of data distribution. Safranin O stained cartilage and bone in dark purple and blue color,
respectively. In vehicle-treated animals, injury caused a loss of cartilage, more prominently
at the femoral than the tibial condyle. Whereas, FP treatment slightly reduced cartilage

loss. The severity of osteoarthritis was semi-quantitatively assessed by the Modified Mankin
score by 2 blinded observers as described in the experimental procedures (C). The individual
osteoarthritis scores with S.E. determined at 4-week post-injury are shown. Drug treatment
reduced the Modified Mankin scores, indicating a reduction in osteoarthritis severity. Data
are used in the box plots (n=5/control group, and n=6/vehicle- and drug-treated groups), and
the following symbols represent the stated levels of significance: ** - p<0.01, *** - p<0.001,
and **** - p<0.0001 as determined by unpaired t-test or Mann-Whitney U test depending
on the type of data distribution. Representative images of joint tissues stained with Safranin
O at 4 weeks after ACL injury are shown with the scale bar (in white) representing 200 um

(D).
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Table 1.

Properties of flavopiridol encapsulated PLGA particles

particles formulation method size, um  size, SD % loading efficiency mmol flavopiridol/mg particle % yield

Blank? SE vortex 117 8 - - 50

Blank? SE nanoassemblr 15 14 - - 23
f|a\/opirido|5 SE proprietary 14.9 7.7 50 2.96E-05
flavopiridolb SE vortex 17 14 36 2.11E-05
fIavo-Cy5-1Xb SE vortex 144 11.3 99 1.48E-05
flavo-Cy5-2X2 SE vortex 14.1 10.5 99 2.87E-05
flavo-Cy5-1X2 SE nanoassemblr 11.8 11.1 9 9.17E-06
f|avo.cy5.2x/1 SE nanoassemblr 12.3 12 63 1.30E-05

SE = single emulsion
1X =1.2 % (g/g) of Cy5-labelled flavopiridol used

2X = 2.4 % (g/g) of Cy5-labelled flavopiridol used
aprovided by Tesio Pharmaceuticals

bprovided by Lewis laboratory
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