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HEALTH AND MEDICINE

Nanoparticle-based inhibition of vascular endothelial
growth factor receptors alleviates osteoarthritis pain

and cartilage damage

Kaige Ma't, Tiep Pham'?t, Jun Wang't, InSug O-Sullivan’, Amy DiCamillo®, Shiyu Du'?,
Fackson Mwale®, Zeba Farooqui', Gina Votta-Velis®, Benjamin Bruce®, Andre J. van Wijnen"”’,

Ying Liu"*%*, Hee-Jeong Im"*

Osteoarthritis (OA) is characterized by cartilage damage, inflammation, and pain. Vascular endothelial growth
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factor receptors (VEGFRs) have been associated with OA severity, suggesting that inhibitors targeting these re-
ceptors alleviate pain (via VEGFR1) or cartilage degeneration (via VEGFR2). We have developed a nanoparticle-
based formulation of pazopanib (Votrient), an FDA-approved anticancer drug that targets both VEGFR1 and
VEGFR2 (Nano-PAZIl). We demonstrate that a single intraarticular injection of Nano-PAZII can effectively reduce
joint pain for a prolonged time without substantial side effects in two different preclinical OA rodent models in-
volving either surgical (upon partial medial meniscectomy) or nonsurgical induction (with monoiodoacetate). The
injection of Nano-PAZIl blocks VEGFR1 and relieves OA pain by suppressing sensory neuronal ingrowth into the
knee synovium and neuronal plasticity in the dorsal root ganglia and spinal cord. Simultaneously, the inhibition
of VEGFR2 reduces cartilage degeneration. These findings provide a mechanism-based disease-modifying drug
strategy that addresses both pain symptoms and cartilage loss in OA.

INTRODUCTION

Osteoarthritis (OA) and other degenerative cartilage disorders are
leading causes of chronic pain, resulting from cartilage damage and
inflammation (1-6). The prevalence of knee OA, which affects mil-
lions of people globally, has steeply increased due to increased life
expectancy and the rise of metabolic disorders (e.g., obesity) that
exacerbate OA risk. OA pain symptoms heavily affect the quality of
life and health care, yet there are no effective or clinically approved
treatment strategies that can mitigate or prevent disease progression
or manage OA-specific pain (2, 3). Therefore, there is an urgent need
to identify previously unknown therapeutic targets and validate
unique disease-modifying osteoarthritis drugs (DMOADs) to in-
hibit both chronic joint pain and pathologic progression of cartilage
degeneration and nerve modifications.

Elevated vascular endothelial growth factor (VEGF) levels and
the formation of new blood vessels in joints are pathologically
associated with OA joint pain (7-9). Several VEGF ligands (e.g.,
VEGFA, VEGFB, and VEGFC) might play a part during OA pro-
gression and pain (10, 11). Direct evidence for the role of VEGFs
suggests that intraarticular (IA) injection of VEGFs into the knee
joint mimics OA-like joint pathology and inhibition of VEGF sig-
naling retards OA progression (12-16). These ligands converge
on two cognate cell surface receptors (e.g., VEGFR1/FLT1 and
VEGFR2/FLK1) that have mechanistically distinct pathological
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roles: VEGFR1 is primarily responsible for joint pain transmission,
while VEGFR?2 is linked to cartilage degeneration (15). Therefore,
the simultaneous inhibition of both receptors represents a very at-
tractive two-pronged strategy for OA treatment.

Pazopanib targets both VEGFR1 and VEGFR2 and belongs to a
wider class of US Food and Drug Administration (FDA)-approved
small molecules that act as tyrosine kinase inhibitors of VEGFR1/2
receptors (e.g., axitinib, cabozantinib, lenvatinib, sorafenib, sunitinib,
and pazopanib). These agents represent adenosine triphosphate
analogs that are steady-state competitive inhibitors of the active site
of the tyrosine kinase domain (17). However, several notable chal-
lenges hinder the clinical translation of the concept that pazopanib
targets both VEGFR1-mediated pain and VEGFR2-mediated carti-
lage degeneration. First, pinpointing the optimal OA stage for
VEGFR1 and VEGFR2 (e.g., post-injury, early OA, and advanced
stages) dual inhibition is vital. Second, our prior research indicated
that VEGFR inhibitors (e.g., pazopanib) require consistent drug
injections (twice per week) for knee OA therapy (15). The frequency
is clinically undesirable due to increased infection risk and other
adverse effects (e.g., soft tissue damage), as well as the requirement
for repetitive hospital visits and patient compliance (18, 19). The
biological half-life of pazopanib is 31.9 hours, and daily dosing has
been recommended clinically (20, 21). Reduction of OA pain by IA
injection of pazopanib lasts only for 1 to 2 days in our preclinical
animal model (15). Hence, reduction in the dosing frequency of
pazopanib requires consideration of delivery methods that prolong
the bioavailability of pazopanib.

The development of a controlled, slow-release system for active
pharmaceutical ingredients (API) compliant with FAD standards is
critical for the successful local (IA) delivery of drugs, especially for
APIs with short half-lives. Benefits include (i) less frequent drug in-
jections; (ii) reduced fluctuations in steady-state drug levels; (iii)
improved management of disease conditions through controlled re-
lease; and (iv) increased safety margins for high-potency drugs due
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to both local delivery and slow release of the drug. Here, we demon-
strate that nanoparticle-based sustained delivery of the VEGFR in-
hibitor pazopanib (Nano-PAZII) via a single IA injection permits
the reversal of OA symptoms in different stages of experimental
OA. These findings position Nano-PAZII as a viable and innovative
disease-modifying drug strategy for OA.

RESULTS

Encapsulation of pazopanib into nanoparticles supports
drug retention and release

IA injection of pazopanib rapidly alleviates OA pain for more than
2 days in preclinical murine OA models (15). However, sustained
inhibition beyond this period requires a bi-weekly IA injection, a
frequency deemed undesirable in clinical settings. To improve upon
this, we developed a nanotechnology-based formulation of pazopanib
(Nano-PAZIT) designed to extend joint pain relief for several months
after just a single IA injection (Fig. 1). Using a biomaterial-based
strategy for sustained drug release and prolonged drug retention
(Figs. 2 and 3), we aimed to maintain VEGFR1/VEGFR?2 inhibition
via pazopanib in the synovial space of the joint (Fig. 4) and reverse
OA symptoms. Doses up to 2.25 pg/ml (5.1 pM) of pazopanib are
safely tolerated in vitro and show potential to mitigate interleukin-
1P (IL-1p/IL1B)-mediated lactate dehydrogenase (LDH) release in
primary human chondrocyte and fibroblast-like synoviocyte
(FLS) culture models (fig. S1). Pazopanib promotes chondrocyte
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extracellular matrix integrity by suppressing expression of catabolic
genes (MMP13 and RUNX2) and increasing expression of anabolic
genes (COL2A1 and ACAN) in primary human chondrocyte cul-
tures under inflammatory conditions (e.g., VEGFA or IL-1p/IL1B
stimulation) and may also help in reducing pain and inflammatory
markers (NGF and VEGFRI) in primary human FLSs (fig. S2). Thus,
pazopanib represents a potential OA disease-modifying drug that
may protect knee joints from cartilage degeneration while poten-
tially immediately relieving OA pain.

In our study, we created a slow-release formulation of pazopanib
(Nano-PAZII) by encapsulating the drug in polymeric nanoparti-
cles of a diblock copolymer [polyethylene glycol-b-polycaprolactone
amphiphilic diblock copolymer (PEG-b-PCL)] using flash nanopre-
cipitation (FNP) (22). The precipitation kinetics of FNP were ini-
tially optimized by adjusting the concentrations of the drug and
polymer, as well as by selecting distinct polymer blocks with differ-
ent molecular weights. During FNP, drug and particles were rapidly
mixed at a 1:1 mass ratio in the organic phase [dimethyl sulfoxide
(DMSO)] using a custom-made multi-inlet vortex mixer. Nanopar-
ticles were then generated by combining this mixture with an aque-
ous phase (i.e., deionized water as antisolvent) to drive encapsulation
via hydrophobic interactions between pazopanib and hydrophobic
segments in the polymer, as well as the concomitant self-assembly of
PEG-b-PCL micelles. Optimization of Nano-PAZII formulations
(Fig. 2A) permits initial drug loading of up to half-maximal effi-
ciency (~50%) with near-maximal drug encapsulation efficiency
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Fig. 1. Schematic illustration of a single IA injection of pazopanib nano-formulation (Nano-PAZII) for long-term OA treatment. The diagram shows the encapsula-
tion of pazopanib (top left) into polymeric nanoparticles (PEG-b-PCL) by flash nanoprecipitation (FNP) to generate Nano-PAZII (top middle). A single IA injection of Nano-
PAZII (top right) suffices for the rapid and sustained reduction of knee joint pain. The therapeutic effects of Nano-PAZIl are attributable to inhibition of VEGFR1/FLT1, which
relieves chronic OA pain, and inhibition of VEGFR2/FLK1, which protects cartilage from OA-related degradation (bottom right), consistent with our previous studies (75).
At the cellular level, pazopanib released by Nano-PAZIl in cartilage and synovium (bottom left) reduces negative biomarkers (e.g., inflammatory, neural, and cartilage

catabolic factors) and increases positive biomarkers (e.g., cartilage extracellular matrix
hydrophilic segment; FLSs, fibroblast-like synoviocytes; DRG, dorsal root ganglia.
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proteins). PCL, poly caprolactone-hydrophobic segment; PEG, polyethylene glycol-
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Fig. 2. Formation and characterization of the PEG-b-PCL nanoparticles with and without encapsulation of pazopanib. (A) Diagram showing encapsulation of
pazopanib in PEG-b-PCL nanoparticles (Nano-PAZIl), PCL (blue line), and PEG (red line). The hydrophobic drug pazopanib and the amphiphilic diblock copolymer
PEG-b-PCL were molecularly dissolved in DMSO. Upon flash mixing with an antisolvent (marked by blue arrows) in the multi-inlet vortex mixer (the inlet stream of
pazopanib and PEG-b-PCL in DMSO marked by the red arrow), the drug compound and the polymer self-assembled into the nanoparticles. (B) Size distribution of the
nanoparticles after precipitation at initial concentrations (0.2 or 0.025 wt %) for both pazopanib and the polymer. (C) Size measurements of the resuspended nanoparticles
as a function of sonication time. (D) Size distribution of the nanoparticles generated immediately after FNP and after resuspension after 40-min sonication. Nanoparticles
were resuspended in PBS buffer after various sonication times as indicated (20, 30, 40, 50, 60, and 70 min, respectively). The average sizes of nanoparticles (E) and light-
scattering photon count rate (F) were used to characterize the 4-hour stability of the nanoparticles in PBS buffer.

(~100%). Preparations with large particles (>1000 nm) produced at
0.2 wt % initial drug concentration exhibit visible aggregations
within the first few hours of dialysis. However, smaller particle sizes
(~600 nm) that form at an eightfold lower initial drug concentration
of 0.025 wt % do not have this limitation (Fig. 2B). Therefore, the
0.025% formulation was selected for further studies. After dialysis
and lyophilization, the dried nanoparticle formulation was collected
as a powder and stored at —20°C for long-term storage. Before dos-
ing in animals, nanoparticles were resuspended in phosphate-
buffered saline (PBS) buffer at a drug concentration of 6.5 mg/ml
(14.9 mM). The size of the resuspended nanoparticles appears to
depend on the sonication time (Fig. 2C), and the nanoparticles have
a similar size distribution as particles generated immediately after
ENP (Fig. 2D). The final drug loading and encapsulation efficiencies
of the resuspended particles are 20 and 70%, respectively. The empty
PEG-b-PCL nanoparticles without drug encapsulation exhibit a size
of around 100 nm (Fig. 2E). Four-hour stability after resuspension

Ma et al., Sci. Adv. 10, eadi5501 (2024) 14 February 2024

was monitored to ensure that there would be sufficient time between
preparation of the suspension and injection. All samples remain
stable for 4 hours with size fluctuations of less than 10% (Fig. 2, E
and F). Collectively, these procedures yielded pazopanib nanopar-
ticles of about 200 to 1000 nm, designed for local drug release and
limited systemic circulation.

Nanoparticles release pazopanib with pH-dependent
zero-order kinetics in vitro

The bioavailability of pazopanib is influenced by the pH-dependent
release from PEG-based nanoparticles (see Materials and Methods).
Therefore, the in vitro drug release was measured in buffer solutions
with different degrees of acidity (pH = 3 and pH = 5) at 37°C. The
cumulative release of pazopanib steadily increases over 17 weeks,
and most of pazopanib (>70%) is released from the nanoparticles at
pH = 3, but pazopanib release is limited at pH = 5 (<3%) (Fig. 3A).
The relative release rate of pazopanib decreased over time, but the
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Fig. 3. In vitro release, degradation, and reproducibility of pazopanib-loaded PEG-b-PCL nanoparticles (Nano-PAZIl). The amount of pazopanib was quantified
using high-performance liquid chromatography (HPLC) and plotted as cumulative percent release (A) or absolute percent release (B) at pH = 3 or pH =5 at 37°C; the inset
in (A) shows results at pH = 5 on a different scale. In vitro cytotoxicity of Nano-PAZIl was determined by measuring the cell viability of primary human chondrocytes after
coincubation with Nano-PAZIl at various concentrations. Statistical analyses were performed using unpaired t tests. Data are presented as means + SEM (C). Model fitting
of the release kinetics of Nano-PAZIl in pH = 3 buffer. In vitro release of pazopanib from the PEG-b-PCL nanoparticles was fitted with Higuchi model with R? = 0.9672
(D), first-order model with R? = 0.9731 (E), and zero-order kinetics model with R? = 0.9956 (F). The sizes and photon count rates were determined by DLS over time for
unloaded PEG-b-PCL nanoparticles suspended in buffers with pH = 3 (G) or pH = 5 (H); nanoparticle size and scattered photon count remain comparable for the first
13 weeks, indicating slow in vitro degradation of the polymeric nanoparticles. Sizes of pazopanib-loaded PEG-b-PCL nanoparticles were determined at pH =3 and pH=5
(1). Reproducibility analyses of Nano-PAZIl of multiple batches for mouse articular (IA) injection with particle size distributions measured by DLS (J) and drug loading
quantified by HPLC is shown in table (K).

most significant amount of released pazopanib occurred around levels (pH = 3 or pH = 5) for approximately 11 weeks, as reflected

week 8 (Fig. 3B). Furthermore, chondrocytes treated with Nano-
PAZII for 16 hours retained their viability and did not release exces-
sive LDH with nanoparticles containing pazopanib concentrations
up to 45 pg/ml (Fig. 3C). Nano-PAZII demonstrated a favorable
zero-order kinetic release profile that is independent of initial com-
pound concentrations and exhibits minimum burst release depend-
ing on the pH (Fig. 3, D to F), consistent with previous studies on
insulin and curcumin release from PEG-b-PCL (23, 24). This sug-
gests that Nano-PAZII is well tolerated by chondrocytes and is phys-
iologically biocompatible.

During our study, we observed that both loaded and unloaded
PEG-b-PCL nanoparticles remained stable across different pH

Ma et al., Sci. Adv. 10, eadi5501 (2024) 14 February 2024

in the size distributions and photon count rate of the dynamic
light scattering (DLS) (Fig. 3, G to I). The pazopanib-loaded par-
ticles are typically larger than unloaded particles; however, signifi-
cant aggregation was only observed for unloaded particles after
14 weeks at pH = 3 (Fig. 3G). The Nano-PAZII particles only dis-
played a modest increase in size (~25%) after 11 weeks (Fig. 3I).
The increase in size is usually resulted from the nonlinear coupling
effects of molecule transport and particle collision. In this case,
the modest growth in particle size after 11 weeks may be attributed
to particle degradation and Ostwald ripening (i.e., partially de-
graded nanoparticles are re-adsorbed by adjacent particles at a
timescale that is notably slower than random particle aggregation)
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(25). Multiple batches of Nano-PAZII exhibited consistent size
distributions (Fig. 3, ] and K), indicating acceptable reproducibil-
ity for soft-matter polymeric nanoparticles. Collectively, the slow
drug release kinetics, stable particle size distribution, and repro-
ducible manufacturing of Nano-PAZII permit reliable predictions
of drug compound pharmacokinetics and efficacy. These essential
features render Nano-PAZII ideal for treating OA as a chronic dis-
ease by minimizing the number of required injections to obtain
sustained inhibition of VEFGR1 and VEGFR?2 in the synovial space.

Nano-PAZIl offers extended pain relief during

various OA stages

Because pazopanib targets VEGFR1, a known contributor to OA
pain (15), we evaluated the pain relief potential of Nano-PAZIL. Pain-
related behavioral effects were assessed over 16 weeks postdrug
administration at three OA stages: at 1 week (post-injury stage),
4 weeks (early OA stage), or 8 weeks (advanced OA stage) (Fig. 4, A
and B, and fig. $3). The analgesic effects of a single IA injection of
Nano-PAZII are also observed in a nonsurgical murine model in
which OA is induced by the IA injection of the corrosive irritant
monoiodoacetate (MIA) (fig. S4A). Tactile allodynia was used as a
measure of pain sensitization and monitored by examining the
withdrawal reflex of the mouse hindpaw upon application of gentle
pressure (mechanical allodynia by von Frey filament testing) or the
thermal reflex response of mice upon application of modest heat
(thermal sensitivity by hot plate testing). Pain was quantitatively
measured by assessing behavioral responses after applying gentle
pressure (mechanical allodynia by von Frey filament testing) or
modest heat (thermal sensitivity by hot plate testing) to the hind-
paws. Both behavioral pain tests notably indicate that Nano-PAZII
provides sustained relief of injury-induced OA pain upon injection
at each of the three different OA stages upon injection of either a
maximal volume (10 pl; 65 pg per knee) or half-maximal volume
(5 pl) of Nano-PAZII (Fig. 4, C to H). Notably, Nano-PAZII injected
within 1 week after surgery immediately ameliorates post-injury,
and this analgesic effect is sustained for more than 16 weeks follow-
ing a single IA injection (Fig. 4, C and D), while injection after
4 weeks provides rapid relief of pain due to traumatic injury-induced
OA pain (Fig. 4, E and F). A single IA injection of pazopanib (7.5 pug
per knee, 5 pl) could only alleviate pain for less than 3 days when it
was administered at the post-injury stage (fig. S3). Furthermore, we
found consistent antihyperalgesic effects of Nano-PAZII treatment
at different stages of MIA-induced OA, with generally more pro-
nounced antinociceptive effects when Nano-PAZII is administered
earlier (fig. S4, B and C). While early intervention with Nano-PAZII
yields more optimal results, the sustained effects on pain relief at any
stage of OA progression are consistent with the rational design, par-
ticle stability, and drug release kinetics of Nano-PAZII (see Fig. 3).
The results indicate that Nano-PAZII is a potent OA disease-
modifying drug candidate that could be considered for preventive
and/or early OA treatment strategies.

Nano-PAZIl mitigates cartilage degeneration in OA

murine models

Given its targeting of VEGFR2, which is associated with cartilage
degeneration (15), we examined the therapeutic efficacy of a single
IA injection of Nano-PAZII on cartilage integrity by histopathologi-
cal analyses of mouse knee joint samples at 16 weeks post—partial
medial meniscectomy (PMM). Pathological grading was quantified

Ma et al., Sci. Adv. 10, eadi5501 (2024) 14 February 2024

by several methods, including Osteoarthritis Research Society In-
ternational (OARSI) scoring, measurement of cartilage thickness,
and synovitis scoring. At 16 weeks post-PMM, cartilage degenera-
tion was evident (Fig. 5A). The administration of Nano-PAZII,
commencing 1 week after PMM, significantly reduces the OARS],
synovitis scores, and osteophyte formation (reflected by the osteo-
phyte size and maturity), as well as prevents the decrease of cartilage
thickness and reduces the CD31% vessels in synovium at different
stages of OA (Fig. 5). We observed that a higher dose of a volume of
10 pl yields better OARSI scores and cartilage thickness than a vol-
ume of 5 pl (fig. S5). The latter finding implies that the pazopanib
concentration released upon IA injection of 10 pl of Nano-PAZII
(i.e., 65 pg per knee, 3.25 mg/kg for a 20-g mouse) is near a thresh-
old concentration for efficacy and was selected for subsequent stud-
ies. Nano-PAZII also protects joints from cartilage degeneration
when injected during early or advanced OA stages (Fig. 5, A and D).
Notably, the protective effect is more pronounced during the post-
injury stage, consistent with the pain results (see Fig. 4).

In addition, histological evaluations show that Nano-PAZII sig-
nificantly diminishes OARSI values (fig. S4, D and F) and favorably
modulates OA-related reductions in cartilage thickness (fig. S4, D
and G) synovitis scores (fig. S4, E and H) and the presence of CD3 1t
synovial vessels in MIA-induced OA (fig. S4, I and J). Hence, the
results for nonsurgical MIA-induced OA (fig. S4) generally corrobo-
rate results obtained for PMM-induced surgical OA (see Fig. 5). In
summary, results from both preclinical OA animal models (PMM
and MIA) together demonstrate that Nano-PAZII has long-term an-
algesic effects, protects cartilage from trauma-induced degenera-
tion, and suppresses neovascularization when administered at
post-injury, early, or advanced OA stages.

Nano-PAZIl mechanistically alters knee OA progression
through molecular effects in both cartilage and synovium
Because the levels of VEGFR1 and VEGFR? are increased in chon-
drocytes from patients with OA (15), we examined whether Nano-
PAZII affects molecular signaling events downstream from VEGFR1
and VEGFR2 in the PMM-induced OA model (Fig. 6). Consistent
with expectations, there is significant activation of VEGFR2 in the
knee joint cartilage of OA mice as reflected by the detection of phos-
phorylated epitopes in its receptor (pVEGFR2) at 16 weeks post-
PMM (Fig. 6A). Immunofluorescence microscopy analysis indicates
that phosphorylation-mediated activation of both VEGFR2 in carti-
lage and VEGFRI1 in knee synovium is suppressed by a single IA
injection of Nano-PAZII at different stages of OA progression
(Fig. 6, A and B). Matrix metalloproteinase-13 (MMP13) encodes
the primary matrix metalloproteinase that mediates cartilage degra-
dation, and RUNX2 is an essential transcription factor that supports
osteogenesis and chondrocyte hypertrophy. The data from IF
staining indicate that Nano-PAZII significantly decreases MMP13,
RUNX2, and tumor necrosis factor o (TNFa/TNF) protein levels in
cartilage tissues (Fig. 6A) and TNFa/TNF protein levels in synovial
tissues at different OA stages (Fig. 6B). This finding aligns with the
concept that VEGFR2 activation in the OA knee joint is biologically
linked to increased expression of cartilage catabolic and inflamma-
tory factors, including MMP13, RUNX2, and TNFo/TNFE, that play
key roles in injury-induced cartilage degeneration. Our findings
show that Nano-PAZII inhibits the OA-related activation of
VEGFR2 and consequently reduces the expression of catabolic
enzymes and inflammatory proteins in cartilage.
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Fig. 4. Pain-related behavioral effects of a single IA injection of Nano-PAZIl in murine PMM-induced OA model at different stages of OA disease progression.
(A) lllustration of OA treatment by IA injection of Nano-PAZIl in OA mice. Schematic diagram of the research plan for Nano-PAZIl treatment in the partial medial meniscec-
tomy (PMM) induced OA model. Single doses of either Nano-PAZII (n = 8) or nanoparticles without pazopanib (n = 8) were injected intraarticularly (low, 32.5 pug per knee
in 5 ul or high, 65 pg per knee in 10 pl). (B) Drug treatments began at week 1 (post-injury stage), week 4 (early OA stage), or week 8 (advanced OA stage) after
PMM. Development of mechanical allodynia (von Frey filament testing) and thermal pain (hot plate testing) in the ipsilateral hind paw was monitored in mice receiving
Nano-PAZIl in the post-injury stage (C and D), early OA stage (E and F), and advanced OA stage (G and H). The up arrow indicates the time of Nano-PAZIl administration
(C-H). Statistical analyses were performed using two-way ANOVA followed by the Tukey-Kramer test. Data are presented as means + SEM (comparisons between groups
with or without 65 pg per knee Nano-PAZIl injection in mice that underwent PMM, degrees of statistical significance are indicated by asterisks, *P < 0.05, **P < 0.01,
%P < 0.001, ****P < 0.0001, between 32.5 and 65 pg per knee Nano-PAZIl treatment in mice that underwent PMM, #P < 0.05, ##P < 0.01.
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Fig. 5. Histopathological effects of a single IA injection of Nano-PAZIl on joint tissue architecture. Mice with PMM received single IA injections of Nano-PAZIl or ve-
hicle as described above (see Fig. 4B). Representative images are presented for histological (A to H) and immunofluorescence analyses (I and J) at the three stages of OA
progression after PMM (week 1: post-injury stage; week 4: early OA stage; week 8: advanced OA stage). Safranin O fast green staining of the knee joints reveals cartilage
thickness (yellow boxed areas). Scale bar, 200 pm (A). Hematoxylin and eosin (H&E) staining of synovium tissue shows the synovial lining layer (red boxed areas). Scale bar,
100 pm (B). Alcian blue/hematoxylin and orange G (AB/H&OG) staining shows the osteophyte formation (black dashed line borders). Scale bar, 200 pm (C). Graphs of aver-
age OARSI scores, cartilage thickness, synovitis scores, and osteophyte formation including both size and maturity at the different stages of OA (n = 6) (D to H). Levels of
CD31 in synovium were examined by immunofluorescence microscopy to detect CD31" blood vessels (red arrows). Scale bar, 100 pm (I). Quantitative results for the pres-
ence of CD31% vessels in the synovium (n = 6) (J). Data are presented as means + SEM. Statistical analyses were performed using one-way analysis of variance (ANOVA)
followed by the Dunnett multiple comparisons test. Comparisons were made between groups with or without Nano-PAZIl treatment in mice that underwent PMM (*P <
0.05, ***P < 0.001, and ****P < 0.0001).

One key pathological event during OA progression is the transi-  signals for VEGFA, NGE, and VEGFR1 and the density of sensory
tion from asymptomatic to painful OA. This switch is linked to a  nerve fibers (detected by PGP9.5, a neuronal marker that reflects
VEGFA-related increase in the levels of nerve growth factor/tyrosine  sensory neurite distribution) in synovial tissues (Fig. 6). Considering
kinase receptor type A (NGF/TrkA) (14) that stimulate sensory neu-  the pain-related behaviors (Fig. 4) and histological findings (Fig. 5),
rite expansion (axonal outgrowth) in synovial knee joint tissues and it is evident that maximal efficacy of Nano-PAZII operates most ef-
dorsal root ganglia (DRG) sensory neurons (14). Notably, adminis-  fectively when the nanoparticles are administered during the early
tering a single IA injection of Nano-PAZII at different OA stages  phases of OA (Fig. 6). Taken together, our results show that Nano-PAZII
prevents this VEGFA-dependent expansion of sensory neurites in  mediates both VEGFR1- and VEGFR2-related effects by reducing
knee joint tissues as determined by immunofluorescence micros-  the expression of catabolic enzymes in cartilage while reducing the
copy (Fig. 6). Injection of Nano-PAZII, which blocks activation levels of inflammatory factors and distribution of sensory nerve
of VEGFR1 and VEGFR2 by VEGFA, significantly reduces protein  fibers in knee synovium.
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Fig. 6. Molecular and neurological effects of a single IA injection of Nano-PAZIIl. Inmunofluorescence (IF) microscopy analyses were performed using histological
sections of cartilage and synovial tissues in mice at 16 weeks after PMM. Nano-PAZIl decreases levels of MMP13, RUNX2, phospho-VEGFR2 (pVEGFR2), and TNFa/TNF in
cartilage (A) and peripheral nerve fiber sprouting in the synovium (B) during OA progression. The experimentation was carried out as described (see Fig. 4B) with a single
IA injection of Nano-PAZIl or vehicle at weeks 1, 4, and 8 after PMM. Levels of MMP13, TNFo/TNF (green), RUNX2, and pVEGFR2 (red) were examined in knee cartilage by
IF microscopy (A). Levels of VEGFA, pVEGFR1, PGP9.5, TNFa/TNF (green), and NGF (red) in knee synovium were examined by IF microscopy (B). Quantitative analysis results
for MMP13-, RUNX2-, pVEGFR2-, and TNFa/TNF-positive chondrocytes in the tibia cartilage (C to F), and VEGFA, pVEGFR1, NGF, and TNFoa/TNF compare the fluorescence
intensity and PGP9.5 area percentages in the synovium of mouse knee joints (G to K) (n = 3). Statistical analyses were conducted using one-way ANOVA followed by the
Dunnett multiple comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001, and **#*P < 0.0001). Comparisons were made between groups with or without Nano-PAZI| treat-
ment in mice with PMM. Samples were costained with 4',6-diamidino-2-phenylindole (DAPI) stains to visualize nuclei (blue). Scale bars, 100 pm. Fl, fluorescence intensity;
a.u., arbitrary units.
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Nano-PAZIl inhibits VEGFR1-dependent activation of DRG
sensory neurons

Peripheral nerve sensitization, a factor contributing to OA pain, is
modulated by NGF and VEGFA. These agents jointly play roles in
the survival, differentiation, and plasticity of the peripheral nervous
system (15, 26). Synovial VEGFA stimulates neuronal nuclei/RNA
binding protein fox-1 homolog 3 (NeuN/RBFOX3)-positive sensory
neurons in DRG by stimulating NGF/TrkA signaling, a principal
pathway that orchestrates the hierarchical development and postna-
tal synaptic plasticity of nociceptive neurons. Consistent with this
model, DRG sensory neurons of mice experiencing OA pain exhibit

>

increased immunofluorescence signals for VEGFA/VEGFRI1- and
NGF/TrkA-dependent pain-related downstream targets involved in
mechanical allodynia or thermal nociception in (Fig. 7). Elevated
levels of VEGFA, NGE and TrkA/NTRK1 in DRG sensory neurons
are paralleled by a concomitant increase in the VEGFR1-responsive
transient receptor potential vanilloid 1 (TRPV1) protein, the TrkA-
responsive calcitonin gene-related protein (CGRP), and phosphor-
ylation of downstream extracellular signal-regulated kinases (ERK1/
MAPK3 and ERK2/MAPK1) in OA mice (Fig. 7). However, a single
IA injection of Nano-PAZII counteracts these changes while signifi-
cantly decreasing levels of VEGFA, pVEGFR1, NGE, and TrkA, as

Nano-PAZII treatment at different OA stages
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Fig. 7. Molecular effects of Nano-PAZIl in DRG sensory neurons associated with peripheral pain sensitivity. IF analysis was performed on histological sections of
innervating lumbar DRG (L3/L5) in mice at 16 weeks post-PMM and single Nano-PAZll injection at week 1, 4, or 8 (see Fig. 4B). Microscopic imaging focused on the TrkA-
responsive CGRP, which mediates neuroectodermic signaling via downstream effects on extracellular signal-regulated kinases (ERK1/MAPK3 and ERK2/MAPK1), and the
VEGFR1-responsive TRPV1 protein, because these markers are associated with mechanical allodynia and thermal nociception. DRG sensory neurons were identified by
staining with the neuron-specific nuclear protein NeuN/RBFOX3. (A) IF microscopy shows reduced expression of VEGFA, NGF, CGRP, pVEGFR1, TRPV1, pERK, and TrkA/
NTRK1 (green; positive cells marked by arrowheads) in sensory neurons identified by NeuN/RBFOX3 as neuron marker (red) by dual label IF microscopy. (B) Quantitative
analysis shows significantly increased expression of VEGFA, NGF, CGRP, pVEGFR1, TRPV1, pERK, and TrkA/NTRK1 after PMM (n = 6). Statistical analyses were conducted
using one-way ANOVA followed by the by Dunnett multiple comparisons test (*P < 0.05, ***P < 0.001, and ****P < 0.0001). Comparisons were made between groups
with or without Nano-PAZII treatments in mice with PMM. Cells were costained with DAPI to visualize nuclei (blue). Scale bars: 100 pm.
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well as the downstream targets CGRP, pERK, and TRPV1 when ad-
ministered at any of the three stages of disease progression (i.e., post-
injury, early OA and advanced OA stages) (Fig. 7). These findings
establish the molecular mechanism by which Nano-PAZII blocks
mechanical allodynia and thermal nociception as assessed by von
Frey filament and hot plate testing (refer to Fig. 4).

Nano-PAZIl suppresses microglial cell activity and astrocyte
activation in the spinal cord of experimental OA animals
Astrocytes and microglia are critical cellular mediators of chronic
pain and sustained inflammation within the spinal cord. In PPM-
induced OA mice, there is a notable rise in VEGFA-positive cells,
glial fibrillary acidic protein (GFAP)-positive astrocytes, and ion-
ized calcium-binding adaptor molecule 1 (IBA1)-positive microglia
in the ipsilateral dorsal horn of their spinal cords (Fig. 8). Nano-
PAZII treatment at any of the three stages of OA disease progression
significantly reduces the levels of VEGFA, the number of activated
astrocytes and microglia cells, as well as VEGFR1 activity (pVEGFR1)
in the spinal dorsal horn (Fig. 8). These findings suggest that the
VEGFA/VEGFRI pathway extends its influence beyond angiogene-
sis, modulating nociceptive synaptic transmission in the spinal
dorsal horn (known as central sensitization) and leading to sus-
tained pain symptoms as OA advances.

Nano-PAZIl does not induce reward behavior following OA
treatment by IA injection

For its potential therapeutic relevance, it is imperative that pain re-
lief by pazopanib does not lead to rewarding behaviors that may be
subject to abuse, particularly given the widespread use of opioids in
patients with advanced OA and the ongoing opioid crisis (27, 28).
We verified that pazopanib does not have abuse liability based on a
conditioned place preference (CPP) test. The reference compound,
morphine (5 mg/kg), induces a CPP in rats during the testing phase
on day 10, because morphine reinforces and conditions animals to
prefer drug-paired chambers (29, 30). When animals were treated
with pazopanib (either at 30 or 80 mg/kg) during conditioning, ses-
sions they displayed no inclination toward drug versus nondrug
chambers on day 10 (Fig. 9). Behavioral analysis of rats during the
conditioning sessions highlighted the sedative effects of morphine,
with a significant reduction in locomotion evident by the shorter
distances covered on day 2. Conversely, pazopanib did not induce
significant changes in locomotion (Fig. 9). This leads us to deduce
that pazopanib is devoid of opioid-like intrinsic reward mechanisms
that reinforce behavioral preferences.

With a focused view toward clinical translation and in anticipation
of potential adverse effects when transitioning to clinical trials, local-
ized (IA) injections offer the advantage of substantially mitigating side
effects typically associated with immunological and systemic interven-
tion in VEGF signaling. In our assessment, a one-time administration
of Nano-PAZII (65 pg per knee joint) presented no toxicological con-
cerns (fig. S6). This finding improves the prospects of implementing
Nano-PAZII-based approaches in clinical settings for OA.

DISCUSSION

The symptoms of OA as a disease linked to degeneration of articular
cartilage and severe pain are traditionally managed using nonsteroi-
dal anti-inflammatory drugs, acetaminophen, and opioid analgesics
(31). However, these treatments often come with significant side

Ma et al., Sci. Adv. 10, eadi5501 (2024) 14 February 2024

effects and toxicities (32) and primarily address pain as a symptom
originating from cartilage damage and concomitant inflammation.
What is truly needed in OA treatment are disease-modifying drugs
that address joint pain, chronic inflammation, and the deterioration
of cartilage (33-36). Our research indicates that Nano-PAZII holds
promise as a DMOAD, given its ability to target OA pain associated
with VEGFR1/FLT1 and cartilage degeneration linked to VEGFR2/
FLT1 (15).

Pazopanib, already approved by the FDA for advanced renal cell
carcinoma, functions as a multikinase inhibitor, while it has the po-
tential for systemic pleiotropic effects, such as hepatoxicity upon
oral intake (37). Therefore, the local administration of pazopanib-
loaded nanoparticles through IA injection is a favored route. How-
ever, the hydrophobic nature of pazopanib combined with its
unfavorable pharmacokinetics affects its bioavailability negatively.
Even when used at high concentrations (3 mg/ml) in the knee joint,
its therapeutic effects diminish within 3 days (15).

To effectively mitigate knee OA pain, twice-weekly IA injections
for several months become necessary, posing challenges for clinical
settings (15). On a more positive note, the advent of nanodelivery
systems has considerably enhanced the therapeutic efficacy while
minimizing the side effects of anticancer agents (38, 39). This study
aimed to address these challenges by introducing a nanoparticle-
encapsulated version of pazopanib (Nano-PAZII) developed using
biocompatible polymers as a versatile drug release system. We used
the biodegradable and biocompatible PEG-b-PCL copolymer to ensure
well-controlled physicochemical properties for Nano-PAZII. This ap-
proach is both scalable and reproducible, essential attributes for
clinical applications (40, 41).

Regarding biocompatibility, Nano-PAZII does not affect chon-
drocyte viability at effective doses (<45 pg/ml, 100 pM) and is well-
tolerated upon single IA injection (65 pg per mouse knee joint). This
biocompatibility is enhanced by the PEGylation of terminal amines
in our nanoparticles, a factor that helps in decreasing toxicity (42,
43). Furthermore, pazopanib is already recognized for its use in
treating kidney cancer. Notably, IA injections, even at minimal dos-
es of pazopanib (7.5 pg per knee joint), provided instant pain relief
and prevented cartilage degeneration in our PMM model (15). Tox-
icological assessments further confirmed no evidence of systemic
toxicity with long-term (twice per week for 12 weeks) (15) or after a
single IA injection of Nano-PAZII (65 pg per knee joint). These re-
sults further assuage potential concerns related to the therapeutic
application of either pazopanib or Nano-PAZIL

Nano-PAZII particles have a favorable long shelf life in lyophi-
lized powder form. Before administration, the nanoparticle can
be resuspended in aqueous buffers and maintain excellent stabil-
ity at room temperature, suitable for IA injections. In vitro drug
release studies indicate that the breakdown of PEG-b-PCL poly-
meric nanoparticles via hydrolysis of PCL is a gradual process,
ensuring consistent drug release with excellent stability for
>18 weeks. Our findings provide substantial progress toward the
long-term objective to produce nanoparticles that permit sus-
tained local release of pazopanib upon a single IA injection,
thereby substantially reducing the potential systemic circulation.
Our in vitro studies show that Nano-PAZII continuously releases
pazopanib under mildly acidic conditions (pH 3 to pH 5) for
more than 16 weeks but not in near neutral conditions (pH 7).
Although the precise release mechanism in vivo remains to be
further examined, our in vivo studies indicate that Nano-PAZII
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Fig. 8. The effect of a single IA injection of Nano-PAZIl in the spinal cord plasticity. Histological sections of spinal cords (L3/L5) were harvested at 16 weeks upon OA
induction by PMM and after a single IA injection of Nano-PAZII (or vehicle) at select time points of OA progression after PMM induction (week 1, 4, or 8; see Fig. 4B). Double-
label IF microscopy was performed for VEGFA and markers for activation of astrocytes (i.e., GFAP) and microglial cells (ionized calcium-binding adaptor molecule 1;IBA1/AIFT)
at 16 weeks after PMM using IF microscopy. (A) Nano-PAZIl reduces levels of VEGFA and pVEGFR1, as well as the activity of microglial and astroglial cells in ipsilateral lumbar
spinal dorsal horns. Cells positive for expression of the astrocyte marker GFAP (red), the microglia marker IBA1, as well as VEGFA or VEGFR1 (green) are indicated by white
arrows (A). (B to E) Quantitative analyses demonstrate that expression of GFAP, IBA1, VEGFA, and VEGFR1 activation significantly increased after PMM (n = 3). Statistical
analysis was conducted using one-way ANOVA followed by the Tukey-Kramer test (*P < 0.05, **P < 0.01, **#*P < 0.001, and **#*P < 0.0001). Comparisons were made be-
tween groups with or without Nano-PAZIl treatment in mice that underwent PMM. Nuclei were visualized with DAPI staining (blue). Scale bars, 100 pm. ns, not significant.

(after a single IA injection) has sustained bioactivity compared to
unloaded nanoparticles. The latter suggests that pazopanib is re-
leased in vivo in sufficient quantities to have beneficial biological
effects. One possible explanation of the apparent bioavailability of
Nano-PAZII in vivo at near neutral pH is that interactions with
inflammation-related cells (e.g., macrophages) and/or the pericel-
lular matrix compartment of the synovium may perhaps alter the
local pH (44), and the development of a more acidic microenvi-
ronment due to lactate accumulation during OA progression fa-
cilitates pazopanib release (45-47). Future studies will need to
resolve the potential benefits of nanoparticles that are engineered
to allow the pH-dependent release of pazopanib at near-neutral
pH (pH 6 to pH 8) in vitro and what mechanisms would support
the controlled release of pazopanib in synovial fluid within the
same neutral physiological pH range in vivo.

Ma et al., Sci. Adv. 10, eadi5501 (2024) 14 February 2024

Extrapolation of our zero-order kinetics results for Nano-PAZII
(obtained at low pH) in vitro suggests that the release of pazopanib
(at physiological neutral pH) in vivo may occur mainly through
diffusion-controlled zero-order kinetics. The latter would be favor-
able for clinical translation, because the release of pazopanib would
be independent of the compound concentration and occurs with
minimal burst release. Small molecules and biomacromolecules can
be rapidly cleared through the lymphatic system after IA injection
(48). Given that the diameter of Nano-PAZII spans between 200 and
1000 nm, it is plausible that these particles may be able to penetrate
the synovium or deeper cartilage upon degradation to subparticles
that would potentially be smaller than the cartilage meshwork
size (=60 nm) (49). Nano-PAZIT’s formulation is innovative, with
the nanoparticle’s size and pazopanib retention properties designed
to minimize clearance through the lymphatic system, potentially
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Fig. 9. Drug abuse liability (rewarding properties) for pazopanib in a rat
model for CPP. Rewarding properties for the chronic use of pazopanib drug was
evaluated by place preference tests by exposing rats to a known addictive drug
(morphine) or two different doses of pazopanib (30 or 80 mg/kg). Dwelling time
was compared (expressed as a percentage) in a nondrug versus drug chamber at
day 10 (A) or comparing day 10 with the drug to baseline at day 0 (n = 8) (B).
Statistical analysis was performed using two-way ANOVA followed by Sidak’s
multiple comparisons test. Data are presented as means + SEM (**P < 0.001 and
*##%P < 0.0001).

improving pazopanib’s bioavailability within the synovial cavity.
This, in turn, might enhance the bioavailability of pazopanib within
the synovial cavity, thus facilitating the efficacy of pazopanib in pro-
moting cartilage homeostasis and diminishing chronic pain.

One noteworthy finding is that a single IA injection of Nano-
PAZII introduces considerable improvements in joint pain in mouse
OA models (i.e., pain relief for >16 weeks in PMM-OA and >5
weeks in MIA-induced OA), consistent with results on drug release
in vitro. Furthermore, it seems that the controlled release of pazo-
panib via Nano-PAZII considerably enhances pain outcomes by en-
suring sustained bioavailability in the joint space. Determining
whether the particles localize within synovium or cartilage tissues
demands more extensive research, potentially using fluorophore-
assisted microscopy studies on Nano-PAZII formulations tailored
for clinical use in patients.

In surgical and nonsurgical murine OA models, Nano-PAZII
not only addresses OA pain but also suppresses cartilage degenera-
tion, synovial neovascularization, sensory neuron stimulation, and
inflammation-associated expression in synovium. Its role in target-
ing VEGFRI and VEGFR2 makes it a promising DMOAD candi-
date. A single IA injection of Nano-PAZII results in notable rapid
and long-lasting improvements in joint pain using two distinct sur-
gical and nonsurgical models for murine OA (i.e., PMM- and MIA-
induced OA) in vivo. Beyond addressing OA pain which is the most
compelling symptom, Nano-PAZII not only suppresses (i) trau-
matic joint injury-induced cartilage degeneration, (ii) synovial
neovascularization, and the increased distribution of sensory neu-
rons in synovium but also (iii) reduces DRG sensory neuronal

Ma et al., Sci. Adv. 10, eadi5501 (2024) 14 February 2024

plasticity, as well as (iv) minimizes activation of spinal glial cells,
including microglial cells and astrocytes, thereby preventing cen-
tral sensitization via nociceptive synaptic transmission in the spinal
dorsal horn. Mechanistically, Nano-PAZII simultaneously prevents
the inflammation-associated expression of VEGFR1- or VEFGR2-
responsive genes linked to cartilage degeneration in chondrocytes,
pain-associated mediators in synoviocytes, and relevant pain mark-
ers in DRG sensory neurons. Collectively, our study indicates that
Nano-PAZII, by simultaneously targets both either VEGFR1 and/
or VEGFR?2, is an ideal DMOAD candidate with potential benefits
in both ameliorating OA joint pain and attenuating cartilage loss in
degenerating knee joints. Moreover, the active ingredient pazo-
panib lacks opioid-like rewarding properties, thus minimizing the
risk of drug dependency.

Several OA symptoms in patients, including pain, are attribut-
ed to neovascularization and subsequent sensory innervation
(50). In line with the requirement for VEGFR1/VEGFR?2 signaling
in mouse models of angiogenesis (51, 52) and ovarian cancer (53),
we observed that pazopanib inhibits synovial neovascularization
and osteophyte formation in our preclinical OA models. Hence,
Nano-PAZII could help mitigate OA pain partially by inhibiting
the effects of VEGFR2 on synovial blood vessels and osteophyte
formation.

The transition from asymptomatic to painful OA occurs inde-
pendently of joint pathology in humans and in animal models (8,
26, 54). We and other group identified DRG sensory neuronal over-
expression of NGF and its cognate receptor TrkA (NTRK1) as criti-
cal determinants in the pain transmission by facilitating axonal
outgrowth (26, 55). Activation of VEGFR1 (but not VEGFR2) ef-
fectively stimulates the NGF/TrkA signaling pathways in peripheral
joint tissues and DRG sensory neurons (15). NGF/TrkA signaling
becomes activated in DRG after retrograde transport of VEGFA at-
tributed to increased levels of VEGFR1-expressing nerve terminals
in OA synovium (14). Consequently, Nano-PAZII may block knee
OA joint pain through its impact on both peripheral and central
pain sensitization by (i) significantly reducing NGF/TrkA signaling
pathways in the knee joint and DRG sensory neurons; (ii) inhibit-
ing the increased distribution of sensory neurons in the knee joint
synovium; and (iii) decreasing the activation of astroglial and mi-
croglial cells in the spinal cord.

Nano-PAZII is a small molecule encapsulated in a relatively
stable and biocompatible nanoparticle. Using murine preclinical
OA models, Nano-PAZII shows encouraging drug efficacy that
compares favorably with other published treatments, including hy-
aluronic acid and steroids (56), gelatin hydrogels with eicosatetrae-
noic acid (57). Our study advances the field by showing that
nanoparticle-based delivery of pazopanib prolongs OA pain relief
by significantly prolonging the apparent bioavailability and efficacy
of pazopanib, presumably by sustaining drug release in synovi-
al fluid.

One limitation of the present work is that the precise functions
of VEGFR1 in the induction and maintenance of persistent OA
pain, particularly via effects in the parasympathetic nervous system
and astrocytes (of the central nervous system), remain elusive. Ad-
dressing the latter will require extensive studies with transgenic
and/or knockout mouse models, which would involve conditional
global- and tissue-specific ablation of the VEGFRI gene during
OA-induced pain sensitization at the peripheral and central levels.
Electrophysiologic data and brain imaging would be essential to
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definitively determine the impacts of Nano-PAZII on central pain
pathways. In the same vein, while analgesic effects are suggested
from the antihyperalgesia effects we observed, future work is need-
ed to extend the assays to include limb use and affective state mea-
sures that corroborate the pain-alleviating effects, such as gait
analysis. This would ensure that a important role for VEGFR1 in
pain and VEGFR2 in cartilage degeneration can be further ad-
dressed to define the full spectrum of pazopanib treatment effects
in OA. On another note, a single IA injection of Nano-PAZII proves
effective when it is administrated at post-injury or early OA pain
stages. However, only partial cartilage preservation was achieved by
a single IA Nano-PAZII injection when the treatment started at the
advanced OA stage. The preservation of cartilage does not match
up to treatment regimens initiated at the onset of joint injury. Ex-
ploring cotreatments with mesenchymal stem cells might enhance
treatment of advanced OA, particularly to address challenges like
the lack of cellularity (e.g., worn-out cartilage) in our future stud-
ies. Third, a single IA injection of Nano-PAZII has been shown to
relieve PMM-induced OA pain for 16 weeks. However, we lack di-
rect evidence showing that Nano-PAZII significantly improves the
retention time of pazopanib in the joint capsule. In subsequent re-
search, we plan to track nanoparticles in the joints by adding a fluo-
rophore in the nanoparticles. Furthermore, our studies are qualified
by the technical limitation that we cannot yet model the physiolog-
ically relevant release of pazopanib from Nano-PAZII under near
neutral conditions (at pH = 7), because drug release in vitro is only
robust under mildly acidic conditions (pH = 3 to pH = 5). For-
mally, we have not yet been able to demonstrate specifically how
pazopanib concentrations released from Nano-PAZII particles af-
fect the biological properties of human chondrocyte and FLSs. We
have extrapolated the consequences of pazopanib release in experi-
ments with these cell types by testing unencapsulated pazopanib
without nanoparticles to arrive at the interpretation that Nano-
PAZII may block IL-1B/IL1B-related inflammatory events in both
chondrocytes and FLSs.

In conclusion, the key finding of this study is that a single IA in-
jection of Nano-PAZII has beneficial effects at different stages of OA
disease progression by rapidly reducing knee joint pain, with sus-
tained analgesic effects and marked suppression of cartilage degen-
eration for months. Furthermore, Nano-PAZII does not affect
opioid-related addictive reward behaviors in mice. These properties
collectively suggest that Nano-PAZII has potential as a novel
DMOAD, providing a promising therapeutic strategy for OA pain
treatment and management.

MATERIALS AND METHODS

Study design

This study was performed to evaluate the efficacy of a single IA injec-
tion nanoparticle-based sustained delivery of the VEGFR inhibitor
pazopanib (Nano-PAZII) upon reversal of OA symptoms in different
stages of experimental OA. This objective was addressed by (i) devel-
oping a nanoparticle-based formulation of the FDA-approved kinase
inhibitor pazopanib (Nano-PAZII) that targets both VEGFR1 and
VEGEFR?2, (ii) studying the effect of a single IA injection of Nano-
PAZII in two distinct rodent OA models involving either surgical
(PMM) or nonsurgical induction (with MIA), (iii) delineating the
altered VEGF/VEGER signaling changes in knee joints, DRG, and
spinal cord by immunofluorescence microscopy, (iv) showing that
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there is no reward behavior and signs of toxicity upon OA treatment
by IA injection of Nano-PAZII. The investigators determined the sam-
ple size according to a previous experimental experience. The exact
number (n) of tissue samples or cell samples used in each experiment
is indicated in the respective figure legends. For in vivo experiments,
data from animals that died or had severe health problems during the
experiments were excluded. Samples were assigned randomly to the
experimental and control groups. Animal or sample allocation and
data acquisition in vivo or in vitro were performed in a blinded man-
ner. The investigators were not blinded during data analysis.

Preparation of pazopanib-loaded PEG-b-PCL nanoparticles
Pazopanib (molecular mass: 437.517 g/mol; LC Laboratories, MA,
USA) (molecular mass: 437.517 g/mol) was encapsulated in PEG-b-
PCL (Mw 5k-b-6.5k, Polymer Source Inc., Quebec, Canada) based
nanoparticles that were generated using the FNP method in a custom-
made multi-inlet vortex mixer (22). One of the four inlet streams
(stream 1) contained PEG-b-PCL (0.25 mg/ml) and pazopanib
(0.25 mg/ml) dissolved in DMSO (Sigma-Aldrich, St. Louis, MO).
The other three inlet streams contained deionized water as antisolvent
to precipitate the polymer and the drug. The flow rate of streams 1
and 2 was 6 ml/min, while the flow rate of streams 3 and 4 was 54 ml/
min (i.e., volumetric flow rate ratio of organic versus aqueous streams
was 1:19). The nanoparticle suspension was collected into a beaker
containing leucine solution [with leucine (6 pg/ml) in deionized wa-
ter] under stirring at a 1:1 (v/v) ratio. The mixture was then dialyzed
against leucine-deionized water solution (6 pg/ml) using a cellulose
dialysis membrane (molecular weight cutoft: 3.5 kDa) for 48 hours to
remove DMSO. The solution for dialysis was changed every 2 to
4 hours. Following dialysis, the nanosuspension was freeze-dried in a
bench-top freeze-dryer (Labconco, FreeZone 1 Liter Console Freeze
Dry Systems, Kansas City, MO) at a vacuum pressure of 0.08 mBar
and —108°C for 72 hours to produce stable solid powder. For dosing
of animals, nanoparticles were resuspended in PBS buffer solution by
sonication for 30 min at a drug concentration of 6.5 mg/ml.

Nanoparticle characterization

Nanoparticle size distributions after FNP and resuspended in PBS

buffer were measured by using DLS (Malvern, Cambridge, UK). The

particle sizes were reported as the intensity-weighted diameter.
Drug loading (DL) and drug encapsulation efficiency (EF) are

defined as follows

Amount of pazopanib encapsulated in nanoparticles
pazop P p X 100 %

DL (%) =
(%) Total weight of nanoparticles

Amount of pazopanib encapsulated in nanoparticles
bazop P P x 100%

EF (%)=
(%) Feeding weight of pazopanib

To experimentally quantify DL and EE values, the dried powder
was redissolved in DMSO at a concentration of 1 mg/ml. The amount
of pazopanib in the nanoparticles was quantified using a high-
performance liquid chromatography (HPLC) system (Shimadzu Sci-
entific Instruments, Columbia, MD) by measuring absorbance at a
wavelength of 270 nm. A Hypersil Gold C18 column (2.1 mm by
50 mm, 5 pm; Thermo Fisher Scientific) was used for chromatographic
separation, and injection volume to the column was 10 pl. Elution was
performed at a flow rate of 0.5 ml/min using a solvent gradient in the
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mobile phase that evolved from 5 to 95% organic phase (consisting of
95% acetonitrile/0.1% formic acid) in 7 min.

In vitro drug release from nanoparticles

In vitro drug release studies were performed to understand the
diffusion-controlled release of pazopanib from the nanoparti-
cles. The technical design of these experiments was modified to
overcome several inherent technical limitations that deviate
from physiologically preferred conditions. The diffusion rate of
pazopanib is expected to be very slow in aqueous buffer at neu-
tral pH due to the extremely low aqueous solubility of pazopanib
and the low degradation rate of the PCL polymer. Without ex-
perimental modifications, release of pazopanib in vitro would
remain below the detection limit of the HPLC. Drug release was
tested in an acidic environment (pH 3 or pH 5), because the
hydrolytic degradation of PCL is highly dependent on pH (58),
and protonation of the carbonyl group in PCL accelerates its
degradation rate. This degradation process yields water-soluble
products that further reduce the local pH (59, 60). Therefore, we
tested in vitro drug release at lower pH to understand the bio-
material properties.

Dried nanoparticle powder was resuspended at pazopanib
concentration (0.5 mg/ml) to monitor the drug release in acetate
buffer at pH = 3 and pH = 5. The custom-made setup consists of
two glass chambers separated by a cellulose membrane (molecu-
lar weight cutoff: 3.5 kDa) and was incubated at 37°C to monitor
drug release. The bottom chamber contained the nanoparticle
suspension, and the top chamber contained the release buffer.
The samples were collected from the top chamber and replaced
with fresh buffer at predetermined time points. The samples col-
lected from pH = 3 buffer was directly quantified using the
HPLC without any further modification. To improve the accu-
racy, the release samples collected from pH = 5 buffer underwent
further drying using lyophilization. The dried powder was redis-
solved in deionized water with less volume to produce a solution
with concentrated pazopanib, which was then quantified using
HPLC as described above.

The drug release profile was fitted for zero-order release kinetics,
first-order release kinetics, or Higuchi square root of time models.
The zero-order release kinetics provided the most optimal data fit.
The parameters are as follows

C,—C, =Kyt

where C; is the concentration of drug release at t = 0; C; is the con-
centration of drug release at time #; K is the zero-order rate con-
stant; t is the time. The calculated value for pazopanib release from

the PEG-b-PCL nanoparticles is Ko = 4.99 T—osl

Cell culture

Human primary chondrocytes derived from normal articular carti-
lage were purchased from Cell Applications (San Diego, CA, USA)
and cultured in chondrocyte growth medium (Cell Applications
catalog no. 411-500) (14). Chondrocytes were used at first or second
passage for all experiments to ensure retention of the proper cell
phenotype. FLSs derived from normal synovial tissue were pur-
chased from Cell Applications (San Diego, CA, USA) and cultured
in FLS growth medium (Cell Applications catalog no. 415-500).
Both chondrocytes and FLSs were maintained in a humidified incu-
bator at 37°C with 5% CO,.
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LDH release assay

Chondrocytes and FLSs were treated with pazopanib or Nano-
PAZII with different concentrations for 2 hours, followed by stimu-
lation with interleukin-1f (IL-1P)/IL1B (10 ng/ml) for 16 hours.
After the indicated treatments, culture media for all conditions were
collected and subjected to the LDH Cytotoxicity Assay kit (Cell Bio-
labs Inc., CBA-241) according to the manufacturer’s instructions.
The absorbance at 450 nm was measured using a microplate spec-
trophotometer (SpectraMax iD3; Molecular Devices LLC., San Jose,
CA, USA). The relative LDH release levels were expressed as fold
changes relative to untreated control cells.

Quantitative real-time PCR

The chondrocytes and FLSs were pretreated with pazopanib
(2.25 pg/ml) for 2 hours and then stimulated with VEGFA (100 ng/ml)
or IL-1f/IL1B (10 ng/ml) for 6 hours. Total mRNA was extracted
with TRIzol (Invitrogen Life Technologies, CA, USA), and cDNA
was synthesized using a cDNA synthesis kit (iScript cDNA Synthesis
Kit, Bio-Rad) using 1 pg of total RNA according to the manufac-
turer’s instructions. Analyses by quantitative reverse transcription
polymerase chain reaction (QRT-PCR) were conducted using a Bio-
Rad CFX Connect system (Bio-Rad Laboratories, CA) and the
SYBR Green method (Bio-Rad Laboratories). We obtained a thresh-
old cycle (Cy) value and determined relative mRNA expression by
the AAC; method using the expression of human glyceraldehyde
phosphate dehydrogenase mRNA as internal control. All qRT-PCR
reactions were performed in triplicate using sequence-specific for-
ward and reverse primer sequences (table SI).

Generation of PMM-induced and MIA-induced OA mouse
models and Nano-PAZII treatment

Female C57BL/6 mice were procured from the Jackson Laboratory
(Bar Harbor, ME) and maintained in the animal care facility of the
Jesse Brown Veterans Affairs Medical Center (JBVAMC), Chicago
in a temperature-controlled room (25° + 5°C) with a 12-hour light-
dark cycle. All animal studies were duly approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the University
of Illinois at Chicago and JBVAMC (see schematic representation of
the protocol in Fig. 4).

OA was induced in 12-week-old mice by PMM according to es-
tablished methods (14, 15). Briefly, mice were pretreated with bu-
prenorphine (0.1 mg/kg) subcutaneously and then anesthetized
with intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(5 mg/kg). Adequate anesthesia was confirmed by careful pinch
tests, and mice were under anesthesia for less than 5 min. To per-
form PMM, which destabilizes the ligaments, a micro scalpel was
used at a depth of 0.5 mm to remove the meniscus at the midline.
Sham surgery was performed by following the same procedures ex-
cept for the meniscectomy. PMM and sham surgery were performed
under anesthesia and sterile conditions using a medial parapatellar
approach. Experiments continued for 16 weeks after PMM based on
the time course analysis of OA pathology at these time points, day 5
(the post-injury stage), week 4 (early OA), or week 8 (advanced OA)
after surgery.

MIA-induced arthritis was performed according to previously
published (61) protocols. Briefly, MIA (0.5 mg per knee; 5 pl, 12512,
Sigma-Aldrich) was applied by IA injection into the left knee joint
cavity of naive mice. Identical amounts of sterile saline served as
vehicle controls.
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Nano-PAZII treatments (6.5 mg/ml, 5 or 10 pl) were done by
injection of drugs into the left knee joint cavity of mice with PMM
at day 5 (the post-injury stage), week 4 (treatment for early OA), or
week 8 (treatment for advanced OA) after surgery. Nanoparticles
without pazopanib loading (vehicle) in a volume of 5 or 10 pl served
as negative controls for mice with PMM or sham surgery. We also
included a single IA injection of pazopanib group (7.5 pg per knee,
1.5 mg/ml, 5 pl) in mice with PMM at day 5 (the post-injury stage).
On the basis of our previous study, a higher concentration of pazo-
panib (3 mg/ml) did not further improve the pain condition, and we
selected 1.5 mg/ml concentration for IA injection of pazopanib for
the study (15).

In the MIA-induced OA mouse model, Nano-PAZII treatments
(6.5 mg/ml, 10 pl) were performed by IA injection of drugs into the
left knee joint cavity at day 3 (the post-injury stage), day 7 (treat-
ment for early OA), or day 14 (treatment for advanced OA) after
MIA injection. Nanoparticles without pazopanib loading (vehicle)
in a volume of 10 pl served as controls.

CPP test for examination of physiological reward behavior
Standard CPP testing in rats was performed to examine whether
pazopanib is devoid of potential addictive (reward) properties.
This model measures the reinforcing properties of a drug in the
absence of the drug itself. We tested for abuse potential following
intraperitoneal administration, exposing the animals to far greater
drug concentrations than would be expected from IA administra-
tion as a robust test of abuse potential. Male Sprague-Dawley rats
(200 to 250 g, 8 to 9 weeks old at the beginning of the experiments)
were procured from Charles River Labs. Rats were housed on a
12-hour light/dark cycle (lights on 7:00 a.m.) with free access to
food and water. The animal protocol was approved by Mellor
Discovery IACUC, and rats were assigned randomly to treatment
groups (table S2). The reference compound (morphine at 5 mg/kg)
was used as a positive control and induced a CPP in rats during the
testing phase on day 10. Pazopanib was administered at two differ-
ent doses (30 or 80 mg/kg) for the addictive test.

Treated rats were examined using a CPP apparatus (Med Associ-
ates, Fairfax, VT, USA), which measures place preference by moni-
toring the movement of mice into one of two compartments (black
or white) via a manual door. The CPP device is controlled by MED-
PC IV software (Med Associates, Fairfax, VT, USA), and preference
testing began on day 1 with 15 min of acclimatization to the appara-
tus. On day 1 (preconditioning test), mice were allowed to freely
explore the whole apparatus for 20 min. Time spent in each cham-
ber was recorded for baseline purposes. Using a biased design, the
chamber in which any one animal spent the most time was desig-
nated as the “preferred chamber” and assigned as the “vehicle cham-
ber” The “least preferred” chamber was assigned as the “drug
chamber? If rats failed to prefer one chamber, then vehicle and drug
chambers were assigned randomly. After habituation, rats were in-
jected with the compounds or vehicle (table S2). During the condi-
tioning days (days 2 to 9), rats were dosed orally with pazopanib (30
or 80 mg/kg) or its vehicle (days 2, 4, 6, and 8) or saline (days 2, 4, 6,
8, and 10), and 30 min later, animals were dosed subcutaneously at
1 ml/kg with morphine or saline (table S2) and immediately placed
into the drug chamber for 30 min. Rats were placed into chambers
and allowed to move freely between the two distinct compartments
for 30 min on day 10. Time spent in each chamber was recorded.
The study measured the time spent in the drug-paired chamber
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versus the vehicle-paired chamber during the test session on day 10.
Quantitative values that were recorded during drug conditioning
sessions (days 2, 4, 6, and 8) and on the testing session (day 10) in-
clude absolute duration in the chamber (in seconds), relative dura-
tion (as a percentage of the testing session), and locomotor activity
(distance traveled in centimeters).

Longitudinal behavioral pain measurements

Longitudinal behavioral pain measurements, including mechanical
allodynia (von Frey filament tests) and hot thermal sensitivity assay
(hot plate tests), were performed at baseline (before OA induction)
and thereafter weekly for 16 weeks (PMM model) or 5 weeks (MIA
model). Mice were acclimated to the testing environment and equip-
ment for 15 min before each time point.

Mechanical allodynia assays (von Frey testing) were measured
by placing animals on a perforated metal “grid” floor (with
5-mm-diameter holes placed 7 mm apart) within small plexiglass
cubicles (9 cm by 5 cm by 5 cm high). Seven calibrated von Frey
fibers (Stoelting touch Test Sensory Evaluator Kit) were applied in
sequence to the plantar surface of the hind paw until the fiber
began to bow and then held for 2 to 3 s by the up-down method
(15, 62, 63). We use the following range of filaments labeled by
force and handle number in parenthesis; 0.04 g (2.44), 0.07 g
(2.83),0.16 g (3.22), 0.4 g (3.61), 1.0 g (4.08), 2.0 g (4.31),and 6.0 g
(4.74). For the first trial, use the 3.61 (0.4 g), filament for mice.
The threshold force required to elicit the withdrawal of the paw
was determined. A brisk lifting of the foot was recorded as a pos-
itive response. If no response was observed, then the filament
with the next highest force was applied, while the filament with
the next lowest force was applied after a positive response (14,
15). Behavioral analyses were performed in a blinded manner.

Hot thermal sensitivity assays (hot plate testing) measured the
temperature sensitivity of the hind paw using a “Hotplate Analgesia
Meter” (Columbus Instruments, Columbus, USA). Before the ex-
periment, the top plate was cleaned with alcohol, the hot plate was
set to 55°C, and the plate was turned on for at least 30 min to allow
stabilization at 55°C. Mice were placed into the hot plate enclosure,
and the timing was recorded when any of the following behavioral
events occurred: licking the hind paw (even once), shaking the hind
paw in the air, and jumping. A cutoff latency of 20 s was used to
prevent tissue damage (14, 15). Behavioral analyses were performed
in a blinded manner.

Histopathology and Immunofluorescence

Histopathological and immunohistochemical analyses were per-
formed as we previously described (14, 15, 26). Gross knee joint
pathology was examined using standard procedures described
previously (14, 15). At 16 weeks post-PMM or postsham surgery,
animals were terminally anesthetized and preperfused with 4%
paraformaldehyde (PFA) in PBS (pH 7.4). Knee joint samples were
then further fixed in 4% PFA/PBS (pH 7.4) for 48 hours at 4°C,
decalcified for 14 days in chelation buffer (0.5 M EDTA (pH 8.0),
Invitrogen, AM9262) at 4°C. Entire knee joints were serially sec-
tioned (5 pm) in the sagittal or coronal plane for histological anal-
ysis and immunofluorescence microscopy. Two sections within
every consecutive six sections in the entire section set for each
knee were stained with Safranin O and fast green, hematoxylin
and eosin (H&E), and Alcian blue/hematoxylin and orange G
(AB/H&OG) for morphologic analysis (64, 65). The severity of
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OA-like phenotypes was analyzed by two blinded observers who
scored cartilage degeneration (using OARSI scoring), cartilage
thickness, synovitis, osteophyte formation, and neovascularization
in three-level parallel sections of the joint specimens (14, 15). The
average articular cartilage thickness of the medial tibia plateau was
quantified by tracing the Safranin O-positive staining using the
Image] software (National Institutes of Health, Bethesda, MD,
USA) (66). Changes in synovial tissue were semiquantified by the
number of synovial lining layers (66). The osteophyte formation
was evaluated semiquantitatively based on both size and maturity
of osteophytes using AB/H&OG staining (64, 65). In addition, the
ipsilateral lumbar (L3-5) DRG and spinal cord were isolated and
postfixed with 4% PFA/PBS (pH 7.4) for 48 hours and then pro-
cessed for paraffin embedding and sectioning.

Sections were incubated overnight at 4°C in primary antibodies
against pVEGFRI (1:100; Invitrogen, PA5-99362), pVEGFR2 (1:100;
Invitrogen, PA5-105765), VEGFA (1:500; Abcam, ab185238), NGF
(1:500; Abcam, ab52918), IBA1 (1:100; Abcam, ab178846), NeuN
(1:500; Abcam, ab104224), pERK (1:200; Invitrogen, PA5-99447),
CGRP (1:200; Abcam, ab81887), TRPV1 (1:200; Abcam, ab6166),
RUNZX2 (1:100; Abcam, ab192256), PGP9.5 (1:200; Abcam, ab104404),
TNFa (1:500; Abcam, ab1793), TrkA (1:100; Invitrogen, MA-32123),
MMP-13 (1:500; Sigma-Aldrich, MAB13424), CD31 (1:100; Abcam,
ab182981), and GFAP (1:200; Sigma-Aldrich, HPA056030). After
rinsing three times with PBS, sections were incubated in Alexa Fluor
546 goat anti-rabbit immunoglobulin G (IgG; 1:500; Invitrogen, A-
11035) or goat anti-mouse Alexa Fluor 488 IgG (1:500; Invitrogen, A-
11029) for 2 hour. Sections were rinsed with PBS and attached to slides
by mounting medium with 4’,6-diamidino-2-phenylindole (DAPI;
SouthernBiotech) and covered with coverslips. Fluorescent images
were obtained with a Nikon Eclipse NiE upright microscope (Nikon
Instruments Inc., Melville, NY) at the same exposure setting and as-
sociated software.

Toxicological evaluation of chronic use of IA

drug administration

Mice received a single IA injection of Nano-PAZII (6.5 mg/ml, 10 pl)
or vehicle (nanoparticles without pazopanib, 10 pl) at day 5 (post-
injury stage) after PMM. Body weights of all the animals were mea-
sured every week, and behavioral changes were observed. After drug
or vehicle treatments for 16 weeks, animals were euthanized, and
vital organs (e.g., heart, kidney, liver, and pancreas) were isolated.
Histopathological studies were performed on these vital organs us-
ing H&E staining. Briefly, the specimens were fixed in 10% formalin
and processed. After the tissue was embedded in paraffin and sec-
tioned at 5-pm thickness, sections were stained with H&E according
to the procedure. Photomicrographs were taken with a Nikon light
microscope (X200 magnification), and semiquantitative toxicologi-
cal evaluation was performed by examining structural changes in
tissue architecture based on H&E staining as described previously
(14, 15). Each organ tissue resulted in 10 images. For a semiquanti-
tative comparison of the structural changes, abnormalities in the tis-
sue sections were graded from 0 (normal structure) to 3 (severe
pathological changes).

Statistical analysis

Data are presented as the mean + SEM, as indicated in the figure
legends. Unpaired Student’s ¢ tests were used to determine P values
for comparisons between two groups, while one-way or two-way
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analysis of variance (ANOVA) with Tukey-Kramer or Dunnett or
Sidak’s multiple comparisons test was used for comparisons among
more than two group. For cell culture experiments, observations
were repeated independently at least three times, and data from rep-
resentative experiments are presented. Statistical analyses were per-
formed using GraphPad Prism 10 software (GraphPad Software, San
Diego CA, USA) with P < 0.05 considered statistically significant.

Supplementary Materials
This PDF file includes:

Figs. S1to S6

Tables S1.and S2
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