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GRXXNAEDEF)
Toll-like receptor 4 activated transcription factor nuclear factor kB (TLR4-NF-«B) signaling
pathway was shown to play a critical role in the pathogenesis of rheumatoid arthritis mediated by
pro-inflammatory cytokines in arthritic synovium. Signaling stimulated by TLR4 ligands induces
proinflammatory cytokine expression from TLR4-overexpressing cells such as macrophages,
dendritic cells and fibroblasts in arthritic joints. Systemic inhibition of these cytokines with biologic
drugs is effective as a short-term treatment but might also suppress the whole immune system and
increase infection risk. Thus targeting TLR4 might be more selective approach to suppressing
inflammation. Self-assembling heparin nanoparticles have attracted much attention as promising drug
carriers for various drugs, genes and imaging agents. In addition to low toxicity and high
biocompatibility like other materials, heparin has a variety of biological activities beyond the
anticoagulation. The biological properties of heparin can provide additional activity towards the
particulate carrier systems. This study demonstrates that self-assembling nanoparticles composed of
heparins conjugated with D-erythro-sphingosine are selective TLR4 antagonists and have much
greater anti-inflammatory activity than native heparin in vitro and in vivo. This implicates that the
heparin nanoparticles are not only expected as a drug carrier but also as an anti-inflammatory drug

itself.
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Synthesis and physicochemical characterization of heparin/D-erythro-sphingosine
nanoparticles

Self-assembling nanoparticles composed of glycol-split heparin/D-erythro-sphingosine conjugates
(NAHNP) were synthesized by carbodiimide cross-linking chemistry. Chemical structure of the
conjugates was confirmed by 'H NMR. The conjugates provided spherical self-assemblies in water
with mean diameters in a range of 110-160 nm. Size of particles tends to decrease with increasing
degree of substitution of D-erythro-sphingosine. Nanoparticles had a highly negative zeta-potential
presumably due to sulfo groups of heparins. The critical micellization concentration was relatively
lower depending on the degree of substitution. Partitioning coefficient of pyrene between the micellar
and aqueous phases indicated that increasing degree of substitution of D-erythro-sphingosine makes
an inner core of self-assemblies more hydrophobic. Nanoparticles comprising higher substituted lipid
conjugates could form more stable self-assemblies, and thus might be more promising candidates for

in vivo drug delivery and therapeutics.




Chapter 11

Characterization and implications for anti-inflammatory effect of heparin nanoparticles in vitro
Unlike native heparin, nanoparticles significantly inhibited E. coli lipopolysaccharide (LPS)-induced
production of pro-inflammatory cytokines in both primary mouse macrophages and DC2.4 dendritic
cell line. In vitro experiments of the underlying mechanism using mouse macrophages suggested the
inhibitory effect of nanoparticles was due to downregulation of MyD88-dependent NF-«kB signaling
via TLR4 but not other TLRs. Effect of NAHNP was higher than native heparin nanoparticles
(HPNP) indicating that glycol-splitting of non-sulfated uronic acids increases anti-inflammatory
activities of particles. Experiments using nanoparticles of desulfated heparins suggested that 6-O-
sulfate groups of D-glucosamine residue was essential for effective inhibition, while removal of 2-O-
sulfo and 3-O-sulfo groups as well as replacement of N-sulfo groups with N-acetyl unaltered anti-
inflammatory activity. In addition, comparisons among different aliphatic amine-heparin conjugates
suggested that decrease in alkyl chain length of NAHNP resulted in loss of inhibitory activity.
Chapter 111

Anti-inflammatory effect of heparin/D-erythro-sphingosine nanoparticles on type Il collagen-
induced arthritis in mice

Rheumatoid arthritis is a chronic, systemic inflammatory disease, which damages synovium and
leads to destruction of cartilage and bone loss. In arthritis synovium the generation of cytokines such
as TNF-a, IL-6 and IL-1B regulated by NF-kB is pivotal in the pathogenesis of the disease. Type Il
collagen (CII)- induced arthritis was developed in DBA/1J mice by subcutaneous immunization with
CII emulsified in complete Freund’s adjuvant and boosted intraperitoneally with CII emulsified in
incomplete Freund’s adjuvant. Heparin nanoparticles were administered by intraarticular injections
once per day starting from onset of the disease. Intraarticular administration of NAHNP to type 11
collagen-induced arthritis mice significantly suppressed progression of the disease from the onset of
arthritis symptoms. Pharmacological activity of the nanoparticles was associated with suppression of
TNF-a, IL-1P and IL-6 in joints and sera, as well as decreased levels of circulating auto-antibodies.
Nuclear localization of RelA in vivo was significantly inhibited in NAHNP treatment. These results
suggest that selective inhibition of TLR4-NF-kB signaling with hydrophobically modified heparin
derivatives composited to nanostructures provides an effective therapeutic approach to inhibit chronic

inflammation in an animal model of rheumatoid arthritis.

In conclusion, novel heparin derivatives with self-assembling properties were developed,
demonstrating their anti-inflammatory effects mediated through the inhibition of the TLR4-NF-kB
pathway. This is the first research showing the hydrophobically modified heparin derivatives function
as TLR4 antagonists, in addition to uncovering their structure-activity relationship. Moreover,
heparin nanoparticles were found to suppress inflammation of Cll-induced murine arthritis model.

These results provide a new option of drug delivery and therapeutics against rheumatoid arthritis.
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