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Development and evaluation of novel structurally simplified sialyl LewisX
i SO H mimic-decorated liposomes for targeted drug delivery to E-selectin-expressing
endothelial cells.
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E-selectin is a transmembrane glycoprotein that is expressed at extremely low levels in
resting endothelial cells but is strongly induced via transcriptional regulation by inflammatory
cytokines, such as TNF-a and IL-1pB. Induced expression of E-selectin is involved in recruitment of
leukocytes in inflamed tissues as well as formation of tumor microenvironment. Therefore,
augmented expression of E-selectin in endothelial cells is an attractive target for targeted delivery
of specific drugs to inflamed endothelia including tumor vasculature. E-selectin-directed drug
delivery systems have mostly utilized sialyl LewisX (sLeX), a natural ligand of E-selectin. In the
thesis study, novel sLeX analogues were designed with structural simplification to overcome
drawbacks of process-intensive chemical synthesis of native sLeX. Liposomes decorated with
different sLeX mimics were developed and evaluated for their capability for targeted drug delivery
to E-selectin-expressing endothelial cells. Details of the study will be discussed over the following
three chapters.

Chapter 1: Development and functional characterization of liposomes decorated with
structurally simplified sLeX mimics

Four kinds of pegylated-liposomes were prepared with different ligands, including native
sLeX, 3’-sulfo sLeX mimic, 3’-carboxymethyl sLeX mimic (3’-CM sLeX mimic), and
3’-(1-carboxy)ethyl sLeX mimic (3’-CE sLeX mimic). Their functional characteristics were
evaluated in human umbilical vein endothelial cells (HUVECs) activated with inflammatory
cytokines as a model of inflamed endothelium. While all developed liposomes were similar in
particle size and charge, the 3’-CE sLeX mimic liposomes demonstrated the highest uptake in
stimulated HUVECs, even being more potent than native sLeX liposomes. Confocal fluorescence
microscopy confirmed endocytic internalization of the liposomes. Inhibition studies using
anti-selectin antibodies revealed that the uptake of the liposomes is mediated primarily by
overexpressed E-selectin on stimulated HUVECs. Molecular dynamic simulation studies
demonstrated that the 3°-CE sLeX mimic is more strongly bound to E-selectin than native sLeX and
other sLeX mimics because of the higher probability of hydrogen-bond formation. Therefore, 3°-CE
sLeX mimic liposomes have a greater potential for targeted drug delivery to E-selectin-expressing
endothelial cells.

Chapter 2: Transport characteristics of 3°-(1-carboxy)ethyl sialyl LewisX mimic liposomes in
tumor spheroids with a perfusable vascular network

Tumor spheroids with a perfusable vascular network were prepared as an in vitro model
that allows to analyze the local disposition behavior in solid tumors. A spheroid was prepared with
three different cells, namely HUVECSs, lung fibroblast, and MCF-7 breast cancer cell line, and then
loaded into microfluidic devices. The endothelial cells in the spheroid formed a continuous vascular
network with angiogenic sprouts branchedly elongated from open microchannels of the device.
Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) confirmed high expression




of E-selectin in the spheroid supplemented with inflammatory cytokines. Real-time imaging of
fluorescent-labeled liposomes shows that 3°-CE sLeX mimic liposomes significantly distributed
along endothelial cells and their vicinity in the spheroid under flow condition. In contrast, control
pegylated liposomes showed low retention due to weak binding. These results suggest that the 3’ -CE
sLeX mimic liposomes can specifically interact with E-selectin expressing endothelial cells in in
vivo-mimic condition.

Chapter 3: Anti-angiogenic drug delivery to E-selectin expressing endothelial cells by using
3’-(1-carboxy)ethyl sialyl LewisX mimic liposomes

Everolimus (EVE), a mammalian target of rapamycin (mTOR) inhibitor, was loaded in
3’-CE sLeX mimic liposomes and investigated for anti-angiogenic activity in inflammatory
cytokines-treated HUVECs. Cellular uptake of EVE/3’-CE sLeX mimic liposomes increased
steadily and almost caught up with the uptake of plain EVE at 3 h, which was higher than the uptake
in control pegylated liposomes. Inhibition of uptake by anti-E-selectin antibody suggested
involvement of E-selectin-mediated endocytotic processes. Cell migration and capillary tube
formation of HUVECs, referring to their angiogenic activity, were suppressed significantly by the
EVE/3’-CE sLeX mimic liposomes compared to the control. In addition, Thr389 phosphorylation of
pS6 kinase, as a marker of mTOR activity, was remarkably suppressed to less than endogenous
levels by the EVE/3’-CE sLeX mimic liposomes. These results show that the EVE/3’-CE sLeX
mimic liposomes were intracellularly taken up by E-selectin and prompted anti-angiogenic effects
of EVE involved in the mTOR signaling pathway. However, moderate retention of EVE in the
liposomes might limit the targeting ability of 3’-CE sLeX mimic liposomes.

In conclusion, | have succeeded in developing novel structurally simplified sLeX
mimic-decorated liposomes for targeted drug delivery to E-selectin-expressing endothelium. Among
the liposomes developed, 3’-CE sLeX mimic liposomes could be potential carriers that deliver drugs
to inflamed endothelium including tumor vasculature.
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