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at the University of Pennsylvania. 3-month-old 
male C57Bl/6 mice underwent destabilization 
of the medial meniscus (DMM) in their right 
knees and received 10 μl of PBS, empty LNPs, 
free sPLA2i, or sPLA2i-LNPs via intra-articular 
(IA) injections starting immediately after 
surgery at once every 3 weeks for 12 weeks 
(n  6 mice/time point/group). In the loading 
model, 2-month-old male C57Bl/6 mice 
were subjected to a single loading episode 
composed of 60 cycles of 6 N peak load on 
their right knees, and IA injected with 10 μl of 
PBS or sPLA2i-LNPs starting immediately after 
surgery at once every 2 weeks for 4 weeks 
(n    6 mice/time point/group). Additional 
groups of mice (n  6/surgery) received sham 
surgery followed by PBS injections. 

Histology
Paraffin sections of knee joints were stained 

with H&E, Safarin O/fast green, or phosphor-
NFB p65 for immunohistochemistry. 

Pain assessment
Knee joint pain was evaluated weekly 

using von Frey filaments. 

Statistics
Data are expressed as means SD and 

analyzed by one way ANOVA and unpaired, 
two-tailed Student’s t-test. 

Results
The sPLA2i-LNPs had a homogenous 

diameter around 12 nm (Figure 1A, B). They 
were stable in PBS over 7 days and in bovine 
fluid over 4 days, exhibiting satisfactory 
stability (Figure 1C, D). In vitro sPLA2 activity 
assay demonstrated their sensitive response 
to environmental sPLA2, with the inhibition 
effect being strongly correlated with the 
amount of varespladib (Figure 1E). Treatment 
of horse cartilage explants with IL-1 induced 
OA-like degeneration after 7 days as shown 
by Safranin O staining (Figure 2). Strikingly, 
addition of sPLA2i-LNPs at 60 μM (sPLA2i 
concentration) to culture medium almost 
completely restored cartilage extracellular 
matrix (ECM) to a healthy level (Figure 2). Free 

Introduction
Chronic unresolved inflammation plays 

a critical catabolic role in osteoarthritis 
(OA) development and progression. Pro-
inflammatory cytokines (i.e., IL-1 and TNF) 
up-regulate aggrecanases and collagenases 
in chondrocytes to degrade cartilage matrix. 
Secretory phospholipase A2 (sPLA2) is 
a heterogeneous group of enzymes that 
specifically hydrolyzes the sn-2 ester bond 
of membrane phospholipids to release free 
fatty acids, such as arachidonic acid and 
lysophospholipids, which are upstream 
mediators of inflammation in many chronic 
inflammatory diseases, including OA. 
Varespladib is a potent and clinically tested 
small molecule sPLA2 inhibitor (sPLA2i). 
In this study, we used lipid nanoparticles 
(LNPs) to deliver varespladib and evaluated 
the therapeutic efficacy of sPLA2i-LNPs in 
attenuating OA progression in a mouse model. 

Methods

Varespladib-lipid conjugation
sPLA2-cleavable varespladib-lipid 

conjugate was synthesized by reacting 
varespladib with lysophosphatidylcholine. 
The-COOH from varespladib and 2OH from 
lysophosphatidylcholine form the sn-2 ester 
bond, which is selectively hydrolyzed by 
sPLA2.

sPLA2i-LNP generation
The varespladib-lipid was incorporated 

into the lipid membrane shell by mixing with 
DSPE-PEG2K and DOTAP, a cationic lipid. 

Horse cartilage explants
Medial femoral condyle cartilage biopsies 

with a diameter of 6mm and a thickness of 
2-3mm from horses were treated with one of 
the following: PBS, IL-1+dimethyl sulfoxide 
(DMSO), empty LNPs, free sPLA2i in DMSO, 
or sPLA2i-LNPs for 7 days. 

Animals
All animal work was approved by the 

Institutional Animal Care and Use Committee 
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month later (Figure 4A). Remarkably, compared to PBS, 
sPLA2i-LNP treatment reduced the length of cartilage 
injury by 94% and Makin score by 83% to a level similar to 
sham group (Figure 4B). Synovitis was partially alleviated 
(Figure 4C, D), leading to attenuated joint pain (Figure 4E). 
Mechanistically, sPLA2i-LNPs significantly reduced levels 
of phospho-NFB p65 in both the cartilage and synovium 
of loaded knees (Figure 4F, G), thereby inhibiting the pro-
inflammatory NFB pathway. 

Discussion
The delivery of small molecules like varespladib faces 

challenges such as rapid clearance, uncontrolled release, 
and low loading efficiency in drug delivery platforms. Our 
study addresses these issues by conjugating varespladib 
with lysophosphatidylcholine to create an sPLA2-responsive 

sPLA2i showed partial beneficial effects but this effect was 
minor compared to sPLA2i-LNPs as the positively charged 
DOTAP significantly enhanced the penetration of sPLA2i 
into the tissue, thereby increasing its local concentration 
and therapeutic effect. To test the in vivo efficacy of sPLA2i-
LNPs, we utilized two mouse models of OA induced by DMM 
and loading to mimic chronic OA and post-traumic OA, 
respectively. IA injections of sPLA2i-LNPs into DMM knees 
greatly improved the morphology and structure of articular 
cartilage, leading to drastically reduced proteoglycan loss 
and synovitis at 3 months post-surgery (Figure 3A, B). 
Compared to free sPLA2i group, mice receiving sPLA2i-
LNPs displayed 65% and 60% decreases in Mankin score 
and synovitis score, respectively (Figure 3C, 3D). Loading 
at 6N caused a lesion with proteoglycan loss in the lateral 
femoral articular cartilage surface in PBS-treated mice 1 

Figure 1. sPLA2i-LNP synthesis and 
characterization. (A) Schematic diagram of 
sPLA2i-LNPs. (B) Diameter of LNPs by dynamic 
light scattering. (C, D) Stability tests of the 
sPLA2i-LNP. (E) Inhibitory activities of sPLA2i-
LNPs at different concentrations of varespladib.

Figure 2. sPLA2i-LNPs protect horse explants 
from OA degeneration. (A) SO/FG staining of 
the treated explants. (B) Quantification of the 
Mankin scores across groups.

Figure 3. sPLA2i-LNPs reduce joint 
destruction in DMM joints. (A, B) 
SO/FG results and Mankin scores of 
the cartilage. (C, D) H&E staining of 
synovium tissue and quantification of 
synovitis scores.
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release and enhanced therapeutic efficacy, showing a great 
promise for OA treatment. 

Significance 
This proof-of-principle study demonstrates the release 

profile and efficacy of LNPs with varespladib-lipid 
conjugation for OA treatment. 

LNP for OA therapy. Our results demonstrate that sPLA2i-
LNPs are stable and sPLA2-sensitive. Additionally, they 
significantly reduced OA-related inflammation, cartilage 
degeneration, and synovitis symptoms in mouse OA 
induced by DMM and loading. Overall, the engineered, 
sPLA2-responsive varespladib LNP offers controlled 

Figure 4. sPLA2i-LNPs attenuate joint 
destruction in loaded joints. (A, B) SO/FG and 
quantification of cartilage damage, represented 
by the Mankin scores and injury length. (C) Von 
Frey results until 4 weeks after loading. (D, E) 
H&E staining of synovium tissue and synovitis 
scores. (F, G) Immunohistochemistry staining 
of phospho-p65 and its quantification. Scale bar, 
200 μm. *P  0.05, **P  0.01, ***P  
0.001, ****P  0.0001.
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