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Toll-like receptors (TLRs) are pattern recognition receptors that recognize pathogen-associated
molecular patterns (PAMPs), and play a critical role in the innate immune response to invading pathogens.
In human, 10 kinds of TLRs, TLR1-10, have already been identified and classified into subfamily based on
PAMPs type. TLR1, 2, and 6 are grouped into lipoprotein or lipopeptides recognizing-PAMPs, TLR4 and 5
are classified into flagellin and lipopolysacharide-PAMPs subfamily, while TLR3, 7, 8, and 9 are crucial
for nucleic acid PAMPs recognition. TLR9 is activated by DNA from invasive bacteria and by synthetic
oligodeoxynucleotides (ODNs) containing unmethylated cytosine-phosphate-guanosine (CpG) motifs.
Signal transduction of this transmembrane protein induced by CpG ODN has a pivotal role as a first line of
immune defense in the human body. Three-dimensional structure of TLR9 has not been reported yet, and
the ligand-binding mechanism of TLR9Y is still poorly understood. In this study, we constructed several
human TLR9 (hTLR9) mutants, including predicted truncated mutants and single mutants in predicted
CpG ODN-binding site, and analyzed the role of potential important regions of TLRY in receptor signaling.
For stimulation of hTLRY, we used using phosphorothioate (PTO)-modified CpG ODNs and also “natural”
CpG ODNSs consisting of only phosphodiester (PD) backbone-based ODN, because the widely used CpG
ODN-PTO do not faithfully recapitulate natural DNA-mediated TLR9 activation.

In chapter 1, a general introduction of this study and previous research were addressed,
including the content of functional TLR9 and related TLR family, the interaction between TLR9 and CpG
ODN, the modification and medical applications of CpG ODN.

In chapter 2, we examined whether truncated hTLRS was activated by CpG ODNs. The
proteolytic cleavage of TLR9 is a prerequisite for signal transduction in mouse; however, whether the
proteolytic event of TLR9 occurs in humans remains unclear. C-terminal truncated of hTLRY extracellular
domain (ECD) had been proved to be the requirements of murine TLR9 (mTLR9) activation. We designed
hTLRY recombinant and truncation mutants design similar to that of functional truncated-mTLR9
mutation to assess whether likely mechanism is also applicable hTLR9. Our mutation comprises of
C-terminal (1-26 + 471-1032 amino acid (aa)), Undefined Region (440-1032 aa), and N-terminal (1-470 aa
+ 814-1032 aa). Then, we transfected these vectors into HEK293 cells and stimulate with both CpG
ODN-PTO and PD. Our result revealed, CpG ODN-PD induce NF-«B activation at similar level of CpG
ODN-PTO in transfected HEK293-hTLR9-HA (hTLR9-WT). Both of ligand also failed to induce NF-xB
activity in entire truncated mutants of transfected HEK293 cells. These results showed that truncated
hTLR9 alone is not sufficient enough to activate hTLR9 independently of ligand backbone modification.

In chapter 3, we identified essential residues in C-terminal and irregular Leucine Rich Repeat
(LRR) in N-terminal of hTLR9 ECD for signaling receptor activity. Based on previous homology
modeling study, 10 essential residues in C-terminal of hTLR9 ECD were predicted to be responsible for
binding and signaling activity. We constructed vector containing mutation of each predicted essential
residues and transfected into HEK293 cells. We analyzed the ligand binding and signaling properties of
that CpG ODN-PTO and ODN-PD. Among those 10 essential residues, eight amino acid mutations
(R481A, N483A, HS05A, QS510A, HS530A, KS532A, Y554A, and Q557A) disrupted signaling
responsiveness over CpG ODN-PTO stimulation. Mutation of H505, Q510, H530, and Y554 almost totally
abrogated activity when CpG ODN-PD was used as the TLR9 ligand. H505, H530, and Y554 vicinally
oriented and formed a positive charged cluster with which negative charged ODN could interact on
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predicted TLR9 structure. Negative charged phosphate group or sulfate group on CpG ODN would occupy
a position in close proximity to residues 505, 530, and 554 in the ligand-receptor complex. This would
trigger a conformational change of TLR9, and then induce type I interferon or pro-inflammatory cytokine
production. To complete the information of TLR9-signaling residues mapping, we constructed LRR
mutations in N terminal of hTLR9 ECD. Recent study suggested that irregular LRR 2, 5, and 8 had a
pivotal role in mTLR9 signaling activity. Hence we designed vector containing deletion of LRR 2, 5, and 8
and transfected into HEK293 cells. We noticed LRR deletion abolished the signaling response of both
CpG ODN-PTO and ODN-PD stimulation. Therefore, the irregular LRRs in the N-terminal region are
essential for hTLRY function.

In chapter 4, we analyzed the impact of CpG ODN-PTO and ODN-PD stimulation to
natively-hTLRY expressing cells, human peripheral blood mono nuclear cells (PBMCs). ODN-PTO is
extensively used as a TLR9 ligand instead of ODN-PD because of its high stability and stimulating effect;
however, CpG. ODN-PTO is assumed to induce unspecific reaction leading to antibody production and
safety concerns. We stimulate human PBMC with both CpG ODN-PTO and ODN-PD, and detect the IL-6
secretion level. Interestingly, we found CpG ODN-PTO induces IL-6 secretion level almost three times
higher of CpG ODN-PD in PBMC. Furthermore, PBMC fractionation using anti CD20" B cells showed,
CpG ODN-PTO induce higher level of IL-6 in CD20" B-cells compare to CpG ODN-PD. We assumed this
differences is thought to be PTO unspecific binding since GpC ODN-PTO also induced IL-6 secretion
instead of GpC ODN-PD, whereas GpC sequence is non-immunostimulatory ODNs. Qur assumption was
also supported by the fact that inhibitory sequence of TLR9 pathway, IRS 869 inhibit the IL-6 secretion
when simultaneously added with CpG or GpC ODN-PTO in human PBMC, resembling the IL-6 signal is
secreted via TLR9 pathway. These data collectively suggest CpG ODN-PD induce specific immune
response in a CpG-sequence-dependent manner in PBMC and B-cells.

In conclusion, we have successfully analyzed the role of potential important regions of TLR9Y in
receptor signaling. Our recent data suggest hTLR9 truncation could not be actively alone in HEK293 cells.
Using site-directed mutagenesis, we were able identify both 4 residues in the C-terminus and 3 LRR in
N-terminus of ECD of hTLR9 that are required for hTLR9 signaling. Further characterization of the
function and three-dimensional structure of TLR9 will allow for the development of potential therapeutic
agents. Additionally, our CpG ODN2006x3-PD displays specific recognition in TLRS. By using CpG
ODN-PD on behalf of CpG ODN-PTO, we were able to resolve the ligand recognition of hTLR9 and
hTLR9-mediated pro-inflammatory cytokine induction mechanism to accurately mimic the immune
reaction in mammalian cells.
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Recognition of CpG oligodeoxynucleotides by human
Toll-like receptor 9 and subsequent cytokine induction
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I, BRAKEBEBIIBONTAEHENICEBAL-HESOKEE. #1245/ A DNA %ﬁz%uféﬁ
FhkE LT Tl % Fk 9 (TLR9) (ZHTAHENBEAITOLN TS, TLRY T Y # o FEERIZ
D OREMTA MU U EBE LRERSEERTE—FTI8 S F—T7xn /(IFN)za‘:a?zéa“éc
I 2 TFN 1%, #BPRMIRORE, CDS+T MIROFEMHLE2FHE ST 5 - LIC L SETESEA & U T
T5, ZOHREIZEY . TLRI DU Vo ROTFIIBRE, B, 7 VAXF—ER ECOBRKISANHE
ENTWAD, TLROCHE L TIE, MAEEERITARIEFBEINTE LT, UH L FEBELROTNZY
Hy RERGICL 2BEE. ZTRIZHED V7 VEZICE L CIIREAALA TS B EY, Suwarti KiX
t b TLR9 @ DNA RBERICHE L TV A2 TFRIL, EEETENFELAOTERALERL.
MM T TLRY OEMHALE I TLR9 @ DNA i b NSV I FGERICUNAREMN 2R L H»
L,

BEZETE b TLRY (22W\WT{d DNA FBEBEE >V TOENIZEALERY, =X TLRY L b
k TLRY 137 3 / BEECFIDFEEEDS 80%LL L & FERICE A3, TLR 23R4 2SN ELRD Z b
LAFHRERF -T2V EELIOND, =T R TLRY 2oV Tk, VW FEAEERTHB A
YUyFIUE—b (LRR) RAAS T 7—BiIz L30B8 Ex, gilrEh/ TLRY B> K/5
A4 Y Y —A5TDNABREAL bIC Y VT A GEBEEZRT EHE SN TVS, Suwarti Kidt k TLR9
DERBEZBBMER L., EAFAL CpG EF— T2 EHTLHERAV IFFFLIRXI LAF R
(ODN) #HWTHEEEMETo7z, TOMKE, B b TLRY i1t FEERMIEK HEK293 iz
WTiE, 7aF 7 —B Il L B388HIR - 539, <7 X TLRY & it - ThEI TLRI AiEdH L
REMET A P OFEIZEELTWB I ENFRENTE, £7-. AUTLR 77 3 U — T4 TIoEE
BHLNESNTWS TLR3 DY H o FESEA L OEEEIZ LY TLRI DY H v FESEME:F
AL, EREAZITo-E Z A H505, Q510, H530, Y554 27 5 = T EH# L7- TLR9 ZE&A&ITigsE
Zko7, H505 H530, Y554 i LRR KA A BN TTFTRARF ¥+ —VLns FRF— 2T LT
BY., TOBMLICYA T RICFr—V L= DNABES T Z ERFRI&ENZ, £7-. TLROD Y H
FELTEEREZMLEEE S 7-DIC—i% mwanfméfzfn?fz—b(MWV%Cﬂ;
ODN-PT L XA DNA LRI UEEEZFL., »OEEMEDOH L L7 CpG ODN-PD DOH& 4T -7 &
5. ODN-PT [ JELFIFMAFHIIZ R 2 TEML S & 5 DI LT, ODN-PD Bk #F#5> TLRY
EALTOREHEIEESERZ 256, TLRY O KA TOMBERNT 41T LT CpG ODN-PD @V
Hy RELTHOFERMEIRENE,

INEETAIZ,Suwarti FKiZ b b TLR9 @ DNA F8#i7 b NS ¥ 7 F MBEBIZHB R LIZ DWW T
FHRABILLOTHY, & b TLRY OMERRAIZERT S EZ 5kﬁét®mbéo
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