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Unmethylated cytosine-phosphate-guanine oligodeoxynucleotides (CpG ODN) can be recognized by
Toll-like receptor 9 (TLR9), a member of the Toll-like receptors family which plays a critical role in the
innate immune response to invading pathogens. The stimulation of TLR9 by CpG ODN triggers an
intracellular signaling, leading to the activation of dendritic cells and B cells, and production of
proinflammatory cytokines and type I interferons (IFNs). Consequently, CpG ODN can be used either as a
standalone molecule or as a vaccine adjuvant for the immunotherapeutic treatment of cancer, allergy and
infectious diseases. However, application of the unmodified natural CpG ODN with phosphodiester (PD)
backbone to immunotherapy has been greatly limited by their extreme susceptibility to nuclease
degradation which renders them inactive in the free form. Modifications in the CpG ODN backbone, and
various delivery methods including mixing and cross-linking of ODN to other carrier materials such as
liposomes, biodegradable microparticles and inorganic nanoparticles have been shown to significantly
enhance the biological activity of ODN. But the backbone modification by substituting the oxygen with
sulphur to create a phosphorothioate (PTO) ODN is associated with several inherent disadvantages
including unspecific binding to various proteins and renal damage. Therefore, it is still required to develop
some nuclease-resistant CpG ODN with entirely natural PD backbone to avoid the side effects of the
chemical modification. Furthermore, many of the reported delivery systems are still involved in modified
CpG ODN; so it is still challenging to develop suitable vehicles for natural CpG ODN delivery. Hence,
this dissertation focuses on the development of a novel nuclease-resistant TLR9 agonist without any
backbone modification as well as an intracellular delivery system for the natural CpG ODN.

In chapter 1, a general introduction of this study and previous research was addressed, including the
content of immune system, the ligands and signal pathways of the identified 10 human and 12 mouse
TLRs, the interaction between TLR9 and CpG ODN, the modification and medical applications of CpG
ODN, and drug delivery systems for CpG ODN.

In chapter 2, a safe and effective CpG ODN consisting of a PD backbone for human TLR9 (hTLR9)
activation was developed. Firstly, we systematically investigated the structure features of the modified
PTO-ODN2006 (5 -tcgtcgttttgtcgttttgtegtt-3") for NF-kB activation via a TLR9-dependent pathway. The
activity increased 50 times when PTO CpG ODN was used at a final concentration of 0.1 uM comparing
with natural PD-ODN2006. The stimulation experiment showed that TLR9 can be activated in a
CpG-dose-dependent and sequence-dependent manner. Therefore, PD-ODN2006 was selected as a basic
structure for the development of suitable natural CpG ODNs. Then we modified 3’-end of PD-ODN2006
with organic molecules such as biotin, FITC and amino group, which increased the NF-xB activity due to
the increased resistances to nucleolytic degradation by the modification. Furthermore, enhancement of
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hTLRS activity was found to be dependent on the number of CpG core motifs (GTCGTT) in the PD ODN
containing the 3"-end oligonucleotides. In particular, ODN sequences consisting of 2 or 3 linked ODN2006
sequences with a PD backbone (e.g., PD-ODN2006-2006 and PD-ODN2006-2006-2006) acted as effective
agonists of hTLR9 even at lower concentrations. The cytokine production in vitro was also examined,
suggesting that these novel natural CpG ODNs have similar properties as class B CpG ODN which
consisting of a PTO backbone.

In chapter 3, a potential PD-ODN2006 delivery system, which combines amino-modified mesoporous
silica SBA-15 (SBA-NH;) particles with polycation poly (allylaminehydrochloride) (PAH) to form
SBA-ODN-PAH complexes, was presented. Stability, cell uptake, in vitro cytotoxicity, and NF-kB activity
of the SBA-ODN-PAH complexes were evaluated. Gel electrophoresis indicated that the SBA-ODN-PAH
complexes exhibited enhanced serum stability due to the dual protection effects of the SBA-NH2 particles
and the PAH coating. The SBA-ODN-PAH complexes were taken up by 293XL-hTLRY cells and little
cytotoxicity was expressed in a 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide (MTT) assay.
Most importantly, the SBA-ODN-PAH complexes significantly enhanced NF-xB activity, stimulated by
interaction between the internalized CpG ODN and hTLR9. Thus, positive-charged silica nanoparticles
provide a promising strategy for increasing the nuclease-resistance of natural CpG ODN and enhancing
ODN the delivery efficiency.

In chapter 4, based on the conclusions from chapter 2 and chapter3, another ODN delivery system
combing the novel PD-ODN2006-2006-2006 and positively-charged silica nanoparticles was prepared. The
negatively-charged silica nanoparticles were modified with polyethylenimine (PEI), a cationic polymer, to
achieve a positive surface charge; and made the negatively-charged ODN prone to bind on the
nanoparticles. Surprisingly, when stimulating the peripheral blood mononuclear cell (PBMC), the
production of IFN-a by the complex was significantly increased as well as IL-6, compared with free
PD-ODN2006-2006-2006. These results demonstrate that it is possible to endow our novel nuclease-resistant CpG
ODN, which is similar to class B CpG ODN in its free form, with additional immune properties of type A CpG
ODN, by loading it onto the nanoparticles. This might be explained by the formation of complicated structures
similar to type A CpG ODN when applying our novel CpG ODN to nanocarriers.

In conclusion, 3’-modified CpG ODNs with oligonucleotides consisting of a PD backbone are effective at
resisting nucleolytic degradation and increasing their biological activity in hTLR9 stimulation. In addition,
mesoporous silica nanoparticles significantly enhance the delivery efficiency of natural CpG ODN. Finally we
applied the PEI-modified silica nanoparticles to our novel PD-ODN2006-2006-2006, endowing the novel
PD-ODN with some immune properties of class A CpG ODN, indicated by the significantly increase of IFN-a
production compared with the free PD-ODN2006-2006-2006. It is expected that combination of the natural novel
CpG ODN and the novel silica drug delivery system can be applied to some promising immunotherapeutic

applications to varieties of diseases.
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Nuclease-resistant Phosphodiester CpG
Oligodeoxynucleotide as Toll-like Receptor 9 Agonist
and its Intracellular Delivery

(Toll-like receptor 97 T =R + & L COREES AR MERRA CpG
FVITFFHFI X VLAF FEZOMBAT Y NY —)

EE, BRAERBIIBVTEMOBAZBATHZAEKTHD b— B AE 9 (TLRICHE
TAHERBBAICITOITWS, TLROIZY Vv FREIZL Y RIEMEYTA bV A V2B URIERG
EHETH—F T I8 A 8—-T7x20 (IFNE2FERT S, 1 B IFN %, shRMAOHSH, CD8+T
MBAOENH LA HES 5 - LIc L W aSiEEER & UT#ieT 5, ZoOMEBIZL V. TLRODY H U F
ST IIBIE, B, T UAX iR COBKRISAPHMFBINTVWS, TLRODY o FaFE LT,
FEAFNL CpGEF— 72 FTHARAY IX 7 L 4F FODN)BBRACHAShTEY , SRNTO
X LT —PTORBEHSEDIELX I LAF FROHB ) v BELRRAFaFF=— ML
ODN (S{t ODN) BELHFRIZAV LTS, LALARRSL, S{t ODN IEFRMIZEARICK
#FL. BIEA - £ABSREHERNTRTZEABEEINA TS, ARX TR, LEOMELZRERT
<. RRO DNA OBEREZBELERLLXZ L7 —ElittE2FS, oM T TLRS Y o P
L CTHsET 2 BB Y REERTHIE KR % CpG ODN T# 5 PD-ODN2006-2006-2006 # A% L. BEFY
Hy FSF & DB 2TV, BAMEL R L7z, PD-ODN2006-2006-2006 i3BEFED Y H v K3+ Thd
S{t ODN L H# LT, {E#E T TLRO &ML AZ LN TE, Tt FOFIRMBEIZBNTHL. &
BT IL-6 OEH»BNT 22 L 2R L, BICBRAIBIZEVT IL-6 2m BATHHEENEDS
N, S THREESNECpG U F Y FTIRERTERPoFEEZ T L, ThbDZ ehb, FI/X
T#4 L7z PD-ODN2006-2006-2006 D& Bk, $EMENE N EFE SN, o, RO REERT
PEFRRE CpG ODN » MR IZEET 27200 FT /RFORBEHRE L, MiaBENMELS. KXY
hF A NBE T T I ) EEH Y b RFEBERE L. CpG ODN 2 ZhEEVITHIRIAIZER Y A
¥, IL6 NEMLTTILERHLE, 52k, FF T /K FIZ PD-ODN2006-2006-2006
FEETAZLICEY, CpCGHMTIRIBUTEXRWIFNe #BHETI LN TEHLERHLE,
Thbb, #EEYA AL 1R IFNOBRZBEICa b — TR EBTELLVWIRER
PME FEDOAL v F LT DAN=ALRERL, HFil-mRE25E-,

THAEEFTHIC, EFIXZTLROD T T=2 MZoWT, KADNARD CpG £V AFHF LRI L
FF FAHHRICHAR L, -0 F 30/ RFEMBELEAIZLICL Y Ha~DEENE2 M L H,
FrH AL b AL VEEDRAL v F L TIZOVWTHRAREZBLLOTHY | IEEEL LT Toll-like
receptor 9 DU H o FEABIZEMT DL ZARLRDI L DB H D,

Lo TEE L, L ERFEL (EHEF) ORUEBEINIRRDDILOLABD D,
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