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Chapter 1 Background

1.1 Immune system

We are surrounded by billions of pathogenic microorganisms (bacteria, virus, fungi, and parasites).
They threaten us continuously, luckily for us, getting into the human body is not an easy task, because we are
equipped with powerful defense mechanisms, the immune system. Our immune system is made up of a
complex and vital network of cells and organs that protect the body from infection. It works in a two-step
process against the invading pathogenic microorganisms: innate immunity halts the infection, and adaptive

immunity subsequently clears it (Figure 1.1).

bacteria,
fungi,
viruses

Immune System ﬂ [

Barrier defenses:
) Skin

Innate Immunity Mucous membranes
®Rapid response Secretions
®Halts infection Internal defenses:
®No memory Phagocytic cells

Natural killer cells

Inflammatory response l

T

Humoral response:

Adaptive Immunity Antibodies defend against

infection in body fluids.
®S|ower response

®Clear infection Cell-mediated response:

®Memory Killer cells defend against
infection in body cells.

Figure 1.1 The immune system is composed of two major subdivisions, the innate immune system and the
adaptive immune system. These two immune systems have different composition and distinct functions
during a microorganisms infection.

The first line of defense is innate immunity, which comprises the cells and mechanisms that defend the
host from infection by other microorganisms in a non-specific manner. The innate immunity is activated by
exposure to pathogen-associated molecular patterns (PAMPS) expressed by a diverse group of infectious

microorganisms.’ Our skin, mucous membranes, and their secretions make up the first line of protection,

1



which forms a formidable physical barrier to most microorganisms. If the microorganisms penetrate this
barrier, the white blood cells are called into action. White blood cells, including phagocytes, macrophages,
and natural Killer cells, are one of the most important features of innate immunity. They serve the innate
immune system by triggering inflammation that eliminating pathogenic threats. > They can also kill bacteria
and viruses. However, the innate immunity does not confer long-lasting or protective immunity to the host
but only provides immediate defense against infection.

If microorganisms break through the innate immune system, adaptive immunity starts to work. With its
T and B cells, it produces high-affinity antibodies and killer cells that destroy infected cells. After combating
the infection, our adaptive immune system maintains an immunologic memory that allows a more rapid and
powerful mobilization of defense forces next time the same microorganism attacks. These two defense lines

of the immune system provide good protection against infections.

1.2 CpG ODNs

The initial sensing of invading microorganisms is mediated by innate pattern recognition receptors
(PRRs) which can recognize the PAMPs.* Toll-like receptors (TLRs) are the first identified and best
characterized receptors among the PRRs, which recognize a wide range of PAMPs.>® Bacterial DNA
containing unmethylated cytosine-phosphate-guanosine (CpG) motifs activate host defense mechanisms
leading to innate and adaptive immune responses. These unmethylated CpG motifs are primarily responsible
for the immunostimulatory property of bacterial DNA. However, vertebrate DNA lacks this property, as most
of the CpG motifs in their DNA are methylated at position 5 of cytosine.*™® The innate immune system
detects these unmethylated motifs using TLR 9.""** Unmethylated CpG DNA released during an infection
provides a ‘danger signal’ to the innate immune system, triggering a protective immune response that
improves the ability of the host to eliminate the pathogen.'* Synthetic Short, single-stranded
oligodeoxynucleotides (ODNSs) containing unmethylated CpG motifs mimic the bacterial DNA and possess
similar immunostimulatory effects. CpG ODNSs are stable, inexpensive and easy to produce. This makes
them an attractive model to study innate immunity and immunoprotection.’® The binding of CpG ODNs with
TLR 9 initiates an immunostimulatory cascade that induce the maturation, differentiation, and proliferation

of multiple immune cells including B and T Ilymphocytes, natural Killer (NK) cells, and
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monocytes/macrophage.'®"’ This further triggers cell signaling pathways including mitogen activated protein
kinases (MAPKSs) and NFkB, subsequently results in the induction of multiple proinflammatory cytokines
and chemokines and modulates the cellular inflammatory response.***® These abilities enable CpG ODN's to
act as promising immune adjuvant, as well as immunotherapeutic agents against allergy/asthma, cancer, and

infectious diseases.*®?

1.2.1 CpG ODNs-TLR 9 interaction and cell signaling

While the majority of TLRs recognize PAMPs on the cell surface, the TLR 9 that interacts with CpG
ODNs are mainly found intracellularly in the endosome.?** For immunostimulation, CpG ODNs must be
internalized intracellularly and be co-localized with TLR 9 in endosome.?*?® The mechanisms of CpG ODNs
uptake in cells remain uncertain. It has been observed that CpG ODNs are taken up into the cell via receptor
mediated endocytosis independent of the sequence motif. Furthermore, phosphatidylinositol-3 kinase (PI3K)
facilitates this internalization of CpG ODNs into endosomal vesicles where they interacts directly with the
TLR 9." The interaction between CpG ODNs and TLR 9 triggers an intracytoplasmic activation signal
(Figure 1.2). This signal initiates the recruitment of myeloid differentiation primary response gene 88
(MyD88)."* MyD88 recruits interleukin (IL)-1 receptor-associated kinase (IRAK) to TLR 9 through
interaction of the death domains of both molecules, followed by activation of the IRAK-tumor necrosis
factor (TNF) receptor-associated factor (TRAF)-6 complex. TRAF6 activates transforming growth factor-
-activated kinase (TAK) 1. This leads to mitogen-activated protein kinase (MAPK) and inhibitor of nuclear
factor (NF)-xB kinase (IKK) complexes, resulting in the upregulation of transcription factors, including
NF-kB and activator protein-1 (AP1), which in turn activate production of pro-inflammatory cytokine genes.
In pDCs, TRAF activates interferon (IFN) regulatory factor (IRF)-7, which activates type | IFN gene

transcription. %%
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Figure 1.2 CpG ODNs-TLR 9 interaction and cell signaling. CpG ODNSs are internalized into endosome and
interact with TLR 9. This interaction triggers a MyD88-dependent pathway, leading to the upregulation of
NF-xB and IRF-7, which respectively activates production of pro-inflammatory cytokine genes and type |

IFN gene.

1.2.2 Immunostimulatory effect of CpG ODNs

The immune system recognizes CpG ODNSs using TLR 9. B cells and plasmacytoid dendritic cells
(pDCs) are the main human cell types that express TLR 9 and respond directly to CpG ODNs stimulation.
CpG ODN:Ss activate these cells and facilitate innate and adaptive immune responses (Figure 1.3). CpG ODNs
induce B cells to enter G1 phase of the cell cycle and secrete IL-6, IL-10 and IL-12 through NF-xB and other
signal transduction pathways in a few hours.>**® These cytokines are important to the innate immune
system. 1L-6 induced by CpG ODNSs is required for the B cells to proceed to secrete antibodies.*® As a result,
the production of antibodies is enhanced.** IL-6 and 1L-12 secreted by B cells also play important role in

adaptive immune response.



CpG ODNSs activate pDCs to secrete cytokines involved in innate immune response, including type |
IFN and TNF-0.%* These pDCs also improve the function of professional antigen-presenting cells (APCs).*
Furthermore, pDCs activated by CpG ODNs secrete IL-12 and promote the differentiation of T helper (Th) 0
into Th1, as well as inducing Th1 to migrate to B cells.*** CpG ODNSs can also induce pDCs to increase the
expression of costimulatory molecules CD40, CD80 and CD86."*** B cells that interact with Thi
differentiate into plasma cells, which possess the ability to produce antibodies, playing a central role in

adaptive immunity. Also, IFN-o promotes CD8-positive cytotoxic T lymphocyte response.***

Innate immunity

CpG ODN

Proliferation and Increased expression
of CD40 and CD86

polyclonal activation
B cell @ CD 86 Plasmacytoid
dendritic cell
@ CD 40 ®

/ > | e,
(@) QQ ) *Y Increased @9 >
) ® o IlgM APC function e e
/ Tho cell Increased IL-1, IL-12,

IFN-a and TNF-a

IL-6, IL-12 and
chemokines ©/ @ Naive CD8 +
T cell

Adaptive immunity Th 1 cell
v >
) Cytotoxic T lymphocyte
lgG IFN-y

Figure 1.3 Immunostimulatory effect of CpG ODNs. CpG ODNs directly activate human B cells and pDCs,
creating an immune milieu that is rich in pro-inflammatory and T helper 1 (Th1)-type cytokines. This innate
immune response forms a foundation on which antigen-specific adaptive immunity is based. In particular, by
improving the function of professional antigen-presenting cells (APCs), CpG ODNs facilitate the generation
of humoral and cellular vaccine-specific immunity. IFN, interferon; IL, interleukin; TNF, tumor-necrosis

factor.™

1.2.3 Therapeutic applications of CpG ODNs

As described above, CpG ODNs mimic the bacterial CpG DNA and activate both the innate and



adaptive immune systems. This immunostimulatory effect of CpG ODNSs provides them with various
potential immunotherapeutic applications. To date, four major applications of CpG ODNSs have been
developed (Figure 1.4).21419204445 \When combined with allergen, CpG ODNSs stimulate an antigen-specific
Thi-cell response that inhibits the development of Th2-cell-mediated allergic asthma.'*™ The innate
immune response stimulated by CpG ODNs has developed to protect the host from infectious pathogens.
Therefore, CpG ODNs might be used as stand-alone agents to reduce susceptibility to infection.’*® The
immune cascade elicited by CpG ODNSs results in the activation of natural Killer (NK) cells and cytotoxic T
lymphocytes (CTLs) that facilitates (alone or in combination with other therapies) the treatment of
cancer.”®** CpG ODNSs improve the function of APCs, and create a cytokine/chemokine milieu that is good

for the development of an adaptive immune response to co-administered vaccines.***°
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Figure 1.4 Potential immunostimulatory applications of CpG ODNs.*

1.2.4 Class of CpG ODNs

Free CpG ODNs containing only a phosphodiester backbone are not stable and prone to nuclease
degradation. This severely limits their applications. Substituting the oxygen in the phosphate group with
sulfur generates a phosphorothioate CpG ODNs, which are more resistant to nuclease degradation and
possess a better immunostimulatory effect.”*” To date, at least four classes of such chemically modified

synthetic CpG ODNs have been defined based on their different ability to stimulate cells that expressing



TLR 9 (Figure 1.5 and Figure 1.6).“** Class A (also known as type D) CpG ODNSs are composed of a mixed
phosphodiester/phosphorothioate backbone, as well as palindromic CpG motifs at the center of their

sequence.®**%% poly-G sequences on phosphorothioate backbones are attached to the 3’ and 5 ends,

which lead to the aggregation of CpG ODNs into large complexes, a process that is thought to enhance
cellular uptake.” This class of CpG ODNs is notable in its ability to activates pDCs and induce large
amounts of IFN-a. However, it is weak stimulator of B cells which leads to the secretion of proinflammatory
cytokines such as IL-6 and IL-12.**° The entire sequence of class B (also referred to type K) CpG ODNSs
consist entirely of a stabilized phosphorothioate backbone without a poly-G tail."***** This class of CpG
ODN s strongly induces the proliferation and activation of B cells. However, its ability to induce IFN-a from
pDCs is low.>* Class C CpG ODNSs includes one or two CpG motifs with a phosphodiester backbone at the

5’ end, and contains a palindromic sequence on a phosphorothioate backbone at the 3’ end. This class of

CpG ODNs shows an intermediate immune property between class A and class B CpG ODNs, that it has the
ability to induce the proliferation of B cells and the production of IFN-o. via pDCs.”>*! Also, novel class P
CpG ODNSs was reported, which contains two palindromic motifs on phosphorothioate backbones. It shows a

high potential to produce IFN-a and activate NF-kB.>**®

plamacytoid

B cells CpG ODNs Dendritic cells

Class A \
—fams]

S~—[Classc /v
[EN=r|
) @

) . @
.. Gc

IL-6, IL-12 IFN-a, IFN-y

Figure 1.5 Distinct classed of CpG ODNs. Four classes of such chemically modified synthetic CpG ODNs
have been defined based on their different ability to stimulate cells that expressing TLR 9 as well as their

structures.



| Class-AODN 2216 | 5'-G-G-G-G-G-A-C-G-A-T-C-G-T-C-G-G-G-G-G-G-3'

| Class-BODN 2006 | 5'-T-C-G-T-C-G-T-T-T-T-G-T-C-G-T-T-T-T-G-T-C-G-T-T-3

Class-CODN 2395 | 5'-T-C-G-T-C-G-T-T-T-T-C-G-G-C-G-C-G-C-G-C-C-G-3’

| Class-P ODN 21798 | 5'-T-C-G-T-C-G-A-C-G-A-T-C-G-G-C-G-C-G-C-G-C-C-G-3’

Figure 1.6 Distinct classes of CpG ODNSs. Palindromic sequence is underlined.

1.3 Enhancement of the immunostimulatory effect of CpG ODNs

CpG ODNs have shown strong immunostimulatory effect and significant potential use as
immunotherapeutic agents against a wide variety of diseases. However, the biologic activity of natural CpG
ODN s is often transient, and their rapid degradation and inefficient delivery to target cells or tissues can be a
major limitation. Chemical modification of the CpG ODNs backbone may be an effective method to enhance
the biologic activity of CpG ODNs, however, several severe side effects are concerned. In this regard, there
has been great interest in developing strategies for enhancing the immunostimulatory effect of CpG ODNSs.
Some of the possible mechanisms are listed below. it is likely that more than one mechanism may be
involved at any one time, and some may act synergistically, further enhancing the immunostimulatory effect

of CpG ODNs.

1.3.1 Increasing the half-time of CpG ODNs

Phosphodiester CpG ODNs are not stable, and are rapidly degraded after injection with a half-life of
about 5 min.>" This resulted in a rapid clearance of CpG ODNSs from the site of administration to the
systemic circulation, which severely limit their therapeutic application. Therefore, increasing the half-life of
CpG ODNs would be an efficient approach to sustain their activity. Chemical modification by substituting
the oxygen with sulphur creates phosphorothioate CpG ODNSs, which significantly reduced degradation by

nucleases and achieved a half-life of 30-60 min in plasma.>”*® Meng et al discovered linear-structured ODNSs



consisting only of a phosphodiester backbone with crosslinked CpG motifs possess high TLR 9 activation
capacity.® And the immunostimulatory effect of these class B CpG ODNSs is most optimal when there are
two to four CpG motifs. When four or more CpG motifs were linked, ODNs consisting only of a
phosphodiester backbone greatly improved its resistance against DNase. The ODNSs contained nine or more
CpG motifs remained largely intact without being degraded in serum for more than 24 hours, and possessed

high TLR 9 activation capacity even in low concentrations.

1.3.2 Increasing cellular uptake of CpG ODNSs

After endocytosis, CpG ODNs in the endosome or lysosome can activate the TLR 9. This initiates the
induction of multiple cytokines and chemokines, further modulates the immune responses. Therefore,
cellular uptake of CpG ODNs is important for triggering immune response through interaction with TLR 9.
Free CpG ODNSs were negatively charged, which was difficult for them to bind to a negatively charged cell
surface. This electrostatic repulsion is believed to limit the efficiency of free CpG ODNs uptake. One of the
reasons that CpG ODNs adsorbed into nanoparticles or with encapsulated phosphorothioate backbone show
greater TLR 9 activity than free CpG ODN:s is that the cellular uptake efficiency of CpG ODNs is improved.
The cellular uptake efficiency of CpG ODNSs is being studied using fluorescently labeled CpG ODNs. When
fluorescently labeled free CpG ODNSs were added to cultured 293XL-TLR 9 cells, fluorescence was not
observed inside the cells. In contrast, strong fluorescence was observed when CpG ODNSs are delivered by
mesoporous silica nanoparticles and boron nitride nanoparticles.®®®* Zhao et al and Bianco et al also reported
that carbon nanotube can potentiate CpG ODNs immunostimulatory effect by enhancing their delivery into
antigen-presenting cells.®?®® Therefore, methods that enhance CpG ODNs internalization by APCs may

enhance their immunostimulatory effect.

1.3.3 Enhancing delivery to endolysosome

Besides the in vivo instability of CpG ODNSs, the difficulty in delivery to the intracellular compartments
where TLR 9 localizes also limits the applications of CpG ODNs. After taken up my immune cells, CpG

ODNs may accumulate within the endosomal compartment where they interact with TLR 9.%° Therefore,



enhancing the endosomal release of CpG ODNSs, such as delivery of CpG ODNSs in cationic liposomes, the
use of endosome-disrupting agents may potentiate their immunostimulatory effect.**® However, how
endosomal release of CpG ODNs enhance their immunostimulatory effect is unclear and requires further
investigations. In addition, compounds such as monensin and choloroquin could inhibit the
immunostimulatory effect of CpG ODNs by affecting the endosomal acidification and/or maturation, that is
why they can be used as therapeutic agents for many autoimmune disease like rheumatoid arthritis and

systemic lupus erythematosus.™

1.3.4 Increasing TLR 9 expression

CpG ODNs stimulate immune systems through the activation of TLR 9. Therefore, enhancement of
TLR 9 expression would be a rational approach for a better immunostimulatory effect of CpG ODNs in cells.
Bernasconi et al reported that BCR triggering is required for CpG ODNs-induced differentiation of naive B
cells, which rapidly up-regulate TLR 9 expression in human naive B cells.®” It was found that TLR 9 gene
expression was up-regulated upon LPS stimulation.”® The up-regulated TLR 9 is thought to respond to CpG

ODNSs more effectively and enhance the immunostimulatory effect of CpG ODNSs.

1.3.5 Sustained release of CpG ODNs

The increase in uptake efficiency of CpG ODNs and their retention in the endolysosome and lysosome
decrease the dosage of CpG ODNs needed for a robust immune responses. Accordingly, the sustained release
of CpG ODNSs may also result in decreased dosage and continuous effects. Formulating the CpG ODNs in a
delivery vehicle could retain the CpG ODNs locally at the site of administration and protect them from
nuclease degradation, which result in a slow release of CpG ODNs. Zhu et al reported an enzyme-triggered
sustainable release system for CpG ODNs.* CpG ODNs were mixed with poly(L-lysine) and hollow
mesoporous silica nanoparticles and formed a layer-by-layer complexes. The complexes exhibited a
enzyme-triggered controlled release of CpG ODNSs in the a-chymotrypsin solution. The release rates of CpG
ODNs could also be controlled by changing the enzyme concentration. By controlling the release of CpG

ODNs s, side effects including autoimmunity and lymphoid architectural damage that occur when CpG ODNs
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is given in large amounts can be decreased.”

1.3.6 Local cellular recruitment and activation

The immunostimulatory effect of CpG ODNs could be enhanced by combination with cytokines or
chemokines which recruit immune cells such as dendritic cells to a local site where they can be activated by
CpG ODNSs.™ Nichani et al reported that emulsigen induces local inflammation associated with local cellular
infiltration at the site of injection.’? And this cellular infiltration is enhanced when emulsigen is mixed with
CpG ODNSs. These localized cell recruitment and activation may contribute to the immunostimulatory effect

of CpG ODNs.

1.4 Carriers-based delivery of CpG ODNs

The application of CpG ODNSs as an adjuvant has been shown to be effective for treating infectious
diseases, cancers, and allergies. In recent years, a large number of delivery systems have been evaluated to
determine if they can enhance the biologic activity of CpG ODNSs. In particular, various vehicles have been
developed as carriers for delivery of CpG ODNs. Lipid-based delivery systems have been used extensively
for delivery of protein and drugs, as well as DNA and CpG ODNs.”*™ Liposomes enhance the biologic
activity of ODNs in many ways. Zhang et al reported that cationic liposomes greatly increased cellular
uptake and intracellular delivery of ODNs into the cytoplasm. Liposomes could also protect the ODNs from
nuclease degradation and thus increased their half-life in vivo.””"® Besides the ability to enhance the activity
of ODNs, liposomes have also been demonstrated as an effective delivery vehicle for CpG ODNs. Stabilized
cationic liposomes enhanced the serum stability of CpG ODNs and facilitated their uptake by B cells,
dendritic cells, and macrophages.® Suzuki et al reported that CpG ODNs encapsulated in cationic liposomes
(CpG ODNs-liposomes) improved their incorporation into CD11c(+) dendritic cells and induces enhanced
serum IL-12 levels.”® Furthermore, compared to unmodified CpG ODNs, CpG ODNs-liposomes had a much
stronger ability to activate NK cells and NKT cells to produce IFN-gamma.”® All of these studies suggested
that formulation of CpG ODNSs in liposomes was more effective than free CpG ODNSs in inducing immune
responses. Many studies have reported on systems that incorporate CpG ODNs and antigens in

biodegradable nanoparticles. Poly(lactide-co-glycolide) (PLGA) microspheres possess immunological
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adjuvant properties, which have been used extensively as delivery vehicles for protein drug and CpG
ODNSs.”® Singh et al reported that CpG ODNSs loaded PLGA microparticles co-administered with HIV-1
env gp 120 recombinant protein significantly enhanced serum IgG antibody responses.®> Demento et al
minimized the release rate of CpG ODNs by using biotin-avidin binding to attach CpG ODNs to the surface
of biodegradable PLGA nanoparticles.?? They also found that immunization with CpG ODNs-modified
nanoparticles resulted in a greater number of circulating effector T cells and greater activity of Ag-specific
lymphocytes than unmodified nanoparticles or aluminum hydroxide. Besides, many inorganic nanoparticles
were also chosen as carriers for the delivery of CpG ODNSs. Zhao et al reported that carbon nanotubes can
potentiate CpG ODNs immunopotency by enhancing their delivery into tumor-associated inflammatory
cells.®? Gold nanoparticles have also been used as a vehicle for the intracellular delivery of CpG ODNs.®
While these methods have significantly improved the application of CpG ODNs in biological studies and
even clinical trials. It is still highly demanding to develop a simple and better delivery system that can
simultaneously address the challenges including efficiency of cellular uptake, stability against nuclease

degradation, and potential cellular toxicity upon complexation with transfection agents.

1.5 Boron nitride nanospheres

With its novel properties and structural similarity to carbon materials, hexagonal boron nitride has
received considerable scientific attention. Profiting from the layerd structure, it has various morphologies,

88 tubes,® spheres® etc. Almost all of the structures have superb antioxidation ability, high

including sheet,
thermal conductivity, excellent stability, and great mechanical properties despite of different morphologies.®
These make BN an interesting material for many applications ranging from composite materials to electrical
and optical devices working under hazardous environments.®®*! Recently, it has been revealed that BN
nanomaterials possess good biocompatibility, much better than that of carbon materials.®** Chen et al.
demonstrated that BN nanotubes (BNNT) are noncytotoxic and can be surface functionalized with
biologicall epitopes such as proteins, DNA and RNA, they also showed that BNNT could delivery DNA
oligomer to the interior of cells with no apparent toxicity.* Ciofani et al. reported that BNNT are highly

internalized by C2C12 cells, which neither decreased the C2C12 myoblast viability nor significantly affected

the myotube formation.*
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BN nanospheres (BNNS) may have better biocompatibility, unlike other BN morphologies, as spheres
are considered to possess easier cell uptake and lower structure-induced toxicity.”® Furthermore, BNNS
with very small size would greatly improve the particle dispersion, which is a crucial factor for their
biomedical applications.®” Taken together, with their unique nanostructure and unusual properties, BNNS
have great potential for the development of novel nanovectors for cell therapy, drug, and gene delivery, and
for other biomedical and clinical applications. BNNS used in this study were synthesized by a chemical
vapor deposition method.?” The as-prepared BNNS have a uniform spherical shape with an average diameter
of about 150 nm (Figure 1.7a). In addition, well orderd channels could be clearly seen from the

high-resolution transmission electron microscopy image of the BNNS (Figure 1.7b).

Figure 1.7 Typical transmission electron microscopy image of the BNNS. (a) Low-resolution image. (b)

High-resolution image.
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1.6 Objectives of this study

Bacterial and viral DNA containing unmethylated CpG motifs stimulate the mammalian innate immune
system. This process is mediated by the activation of TLR 9, a member of Toll-like receptor family. Synthetic
ODNs containing unmethylated CpG motifs are like those found in bacterial DNA and possess similar
immunostimulatory effects. The activation of TLR 9 initiates an immunostimulatory cascade that induce the
maturation, differentiation, and proliferation of multiple immune cells including B and T lymphocytes, NK
cells, and monocytes/macrophage. This further triggers cell signaling pathways including MAPKs and NF«B,
subsequently results in the induction of multiple proinflammatory cytokines and chemokines that modulating
the cellular inflammatory response. As such, CpG ODNSs have potential for treatment of infectious diseases,
allergies, and cancers. However, the immunostimulatory effects are often limited by the poor stability and
cellular uptake of natural CpG ODNs. Therefore, there has been great interest in developing approaches to
optimize the stimulatory activity of CpG ODNs. Chemical modification of CpG ODNs backbone is an
effective technique to protect against degradation by nucleases. However, there is concern over several
severe side effects. Since CpG ODNs are negatively charged, it is difficult for them to bind to the negatively
charged cell surface. This electrostatic repulsion is believed to limit the efficiency of CpG ODNs uptake and
their immunostimulatory effect. Evidence is accumulating indicates that both the stability and cellular uptake
of natural CpG ODNs can be enhanced by using nanoparticles as carriers. Therefore, delivery of unmodified
CpG ODNs using nanoparticles maybe an good approach to improve their immunostimulatory effect, and
make it possible to use naturally occurring CpG ODNs in clinical applications.

In this regard, the objective of this study is to enhance the immunostimulatory effect of CpG ODNSs by

developing novel delivery systems based on BNNS.
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1.7 Dissertation organization

The main contexts of each chapter in this thesis are organized as follows:

In chapter 1, a general introduction of this study was given, including the mechanism of human
immune system, the interaction between CpG ODNs and TLR 9, therapeutic potential of CpG ODNSs,
mechanisms for enhancing the immunostimulatory effect of CpG ODNs, and the BNNS.

In chapter 2, a novel CpG ODNSs delivery system based on a BNNS-binding peptide has been
developed. Firstly, a 12-amino acid peptide, designated as BP7, which had specific affinity for BNNS, was
indentified using phage display technique. BNNS that bound BP7 (BNNS/BP7) were taken up into cells
and showed no cytotoxicity. Using BP7 as a linker, the loading capacity of CpG ODNs on BNNS increased
5-fold compared to the direct binding of CpG ODNs to BNNS. Then we used the BP7-CpG ODNSs
conjugates—loaded BNNS to stimulate the peripheral blood mononuclear cells (PBMCs) and measured the
cytokine productions. BP7-CpG ODNs conjugates—loaded BNNS had a greater capacity to induce IL-6
and TNF-a production from PBMCs than that of CpG ODNSs directly loaded on BNNS. However, it could
not induce IFN-a from PBMCs. The higher amount of cytokine induction from BP7-CpG ODNSs
conjugates—loaded BNNS may be attributed to a higher loading capacity and stronger binding to BNNS
with the linker BP7. Thus, the BNNS-binding peptide provide a promising strategy for enhancing the
immunostimulatory effect of CpG ODNE.

In chapter 3, another CpG ODNs delivery system using cationic polymer-functionalized BNNS has
been developed. Polyethyleneimine (PEI) was coated on the surface of BNNS to achieve a positive surface
charge, which facilitated the loading of negatively-charged CpG ODNs onto the BNNS. BNNS/PEI
complexes greatly improved the cellular uptake efficiency of CpG ODNSs. This further resulted in a
enhanced IL-6 and TNF-o production from PBMCs compared to that of CpG ODNs directly loaded on
BNNS. Most importantly, B class CpG ODNSs loaded on BNNS/PEI complexes induced IFN-a, while
neither free CpG ODNs nor CpG ODNSs loaded directly on BNNS had this potential. It is thought that
when the class B CpG ODNs were loaded onto the positively charged BNNS-PEI complexes, they formed
the higher-order multimeric structure similar to class A CpG ODNs, and acquired the ability to induce the

IFN-a.
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In chapter 4, chitosan coated BNNS were used as carrier for the delivery of CpG ODNs. BNNS/CS
complexes had positive zeta potential and exhibited a better dispersity and stability in aqueous solution
than BNNS due to the CS coating. The BNNS/CS complexes greatly improved the loading capacity and
cellular uptake efficiency of CpG ODNSs due to their positive surface charge. The loading capacity of the
CpG ODNSs depend on the molecular weight (MW) of CS, which affected the positive charge density on
the surface of BNNS. CpG ODNSs loaded on BNNS/CS complexes significantly enhanced the 1L-6 and
TNF-a productions from PBMCs compared to that of CS/CpG ODNs complexes and CpG ODNs directly
loaded on BNNS. We also found that molecular weight of the CS used for BNNS coating affected the
cytokines induction through varying the strength of the condensation of the CpG ODNSs. Surprisingly,
different from PEI-functionalized BNNS, CpG ODNs loaded on BNNS/CS could not induce IFN-a
production from PBMCs. We also found that CS had a suppressive effect on TLR 9 mediated IFN-a
induction. However, the mechanism remains unclear and further investigation is under way.

Chapter 5 is a summary. In this study, we have successfully developed several delivery systems for
CpG ODNs based on BNNS, These delivery systems improved the loading capacity and cellular uptake of
CpG ODNSs, and are proved to be effective in enhancing the immunostimulatory effect of CpG ODNs. We
also found that CS had a suppressive effect on TLR 9 mediated IFN-o induction. However, the mechanism
remains unknown. Future work will be focused on the mechanisms of this effect and its possible

therapeutic applications in immunological disorder diseases.
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Chapter 2 Identification of a specific binding peptide to BNNS for the

intracellular delivery of CpG ODNSs

2.1 Introduction

Bacterial and viral DNA containing unmethylated CpG dinucleotides stimulate the mammalian innate
immune system.’ This process is mediated by the activation of TLR 9, a member of Toll-like receptor
family.">® CpG ODNs are short, synthetic, single-stranded DNA sequences containing CpG motifs, which
possess a similar immunostimulatory property to bacterial DNA.>" As such, CpG ODNSs delivery has
potential for clinical applications in the treatment of infectious diseases, allergies, and cancers.®** However,
the immunostimulatory effects are often limited by the poor stability and cellular uptake of CpG ODNSs.
Chemical modification of nucleotides is an effective technique to protect against degradation by
nucleases.””* Nuclease-resistant CpG ODNs consisting of phosphorothioate backbones have been developed
by modifying the phosphate group of the nucleic acid targeted by nucleases, replacing the oxygen with sulfur.
However, there is concern over undesirable side effects associated with the use of CpG ODNs with a
phosphorothioate backbone.***" Since CpG ODNSs are negatively charged, it is difficult for them to bind to
the negatively charged cell surface. This electrostatic repulsion is believed to limit the efficiency of CpG
ODNs uptake. Delivery of unmodified CpG ODNs using carrier nanoparticles is, therefore, one strategy to
improve stability and to enhance cellular uptake.'®*

With its novel properties and structural similarity to carbon, BN has received considerable scientific
interest, with applications ranging from composite materials to electrical and optical devices.”*?*®
Furthermore, BN has the advantage of a high biocompatibility, with easier cellular uptake and lower toxicity
than carbon.?? Chen et al. demonstrated passive adsorption of single-stranded DNA oligomers onto the
surface of BNNT and cellular uptake of BNNT loaded with the DNA.?" We previously studied the effect of
unmodified CpG ODNs delivery using 150-nm BNNS, synthesized by chemical vapor deposition,*® on TLR
9 activation.** BNNS had no cytotoxicity, and protected unmodified CpG ODNs from degradation by serum

nucleases. In addition, BNNS taken up by cells localized to endolysosomes, and this localization was

maintained even after cell division. This was particularity advantageous, since TLR 9 also localizes to
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endolysosomes. However, the loading capacity of CpG ODNSs on the surface of BNNS was not sufficient to
induce a robust cytokine response. In addition, a burst release of CpG ODNs from BNNS was observed. It is
possible that these effects are due to the weak interaction between CpG ODNSs and the surface of BNNS.

To ameliorate these problems, in this chapter, we screened peptides that have an affinity for BNNS and
used the candidate peptide as a linker molecule to bind CpG ODNs to BNNS, which have a chemically inert
and structurally stable surface.** Phage display has emerged recently as a powerful approach for identifying

peptide motifs that possess high affinity and specificity against a particular target, including various

inorganic nanomaterials,®** metals,** semiconductors,®”® and polymers.* Using this technique, we

identified a peptide with selective affinity for BNNS, and characterized the intracellular delivery and
response to CpG ODNSs indirectly bound to BNNS through the linker peptide (Figure 2.1). An enhanced

immunostimulatory effect of CpG ODNs was achieved and discussed in detail.
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Figure 2.1 Schematic illustration of using a BNNS-binding peptide for the intracellular delivery of CpG

ODNE .

2.2 Materials and methods

2.2.1 Materials

Highly pure BNNS, with an average size of approximately 150 nm, were synthesized by a chemical
vapor deposition method as previously reported.*® Fluorescein isothiocyanate-labeled peptides were
purchased from Thermo Fisher Scientific (Germany). Phosphodiester-based class-B CpG ODNs, referred to
as CpG ODNs 2006x3-PD,* were purchased from Fasmac, Inc. (Kanagawa, Japan). CpG ODNs were

diluted in sterile water and stored at -20<C.
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2.2.2 Screening of BNNS-binding peptides using phage display

The detailed procedures of screening of BNNS-binding peptides were summarized in Figure 2.2. BNNS
(12 mg/mL) were suspended by sonication in Tris-HCIl-buffered saline (50 mM HCI, 150 mM NacCl, pH 7.5)
containing 0.1% Tween-20 (TBS-T). The Ph.D.-12 phage library (New England Biolabs, Beverly, MA, USA)
containing 1 x10™ pfu was added to 1 mL BNNS solution. After incubation for 1 h at room temperature with
gentle agitation, the BNNS were washed 10 times with TBS-T to remove any unbound phages. Bound
phages were then eluted by incubation for 10 min at room temperature in 1 mL of 0.2 M glycine-HCI (pH
2.2). The eluted phages were immediately neutralized by adding 150 i of 1 M Tris-HCI (pH 9.1), and the
number of phages was estimated by infecting Escherichia coli strain ER2738. The eluted phages were
amplified in E. coli and subjected to the next round of panning, which was repeated 5 times. By the fifth
panning, the phage recovery ratio (output phage:input phage) was high enough to pick 96 individual clones,
which  were then characterized by sequencing with the universal primer 96 g Il

(5'-3'CCCTCATAGTTAGCGTAACG) purchased from Fasmac, Inc. (Kanagawa, Japan).
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Figure 2.2 Schematic illustration of screening of BNNS-binding peptides using phage display.

2.2.3 Determination of peptide to BNNS affinity

FITC-labeled peptides were dissolved in TBS-T at 10 pg/mL. For direct binding studies, 500 L of
FITC-labeled peptide was added to an equal volume BNNS solution and incubated for 1 h at room

temperature. The BNNS mixture was then washed 6 times with TBS-T to remove unbound phages. 10 pi of
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peptide-bound BNNS suspension was placed on a glass slide, visualized by fluorescence microscopy
(DM2500, Leica, Germany), and quantified with Image J software (written by Wayne Rasband). Binding
affinities are expressed as the average fluorescence intensity of the images. In the control group, the BNNS

were incubated without peptides.

2.2.4 Determination of peptide to BNNS specificity

Five-hundred microliters of FITC-labeled BP1 or BP7 (1 pg/mL in TBS-T) were incubated with 500 g
of BNNS or other nanomaterials for 1 h with gentle rotation. The mixture was then centrifuged and the
supernatant was collected. Fluorescence intensities (FI) of the supernatants were measured by a microplate
reader (MTP-880 Lab, Corona). The binding specificity of BP1 and BP7 to each nanomaterial was calculated

as the percentage of each peptide that bound to it.

2.2.5 Characterization of peptides and BNNS

Circular dichroism (CD) spectra were obtained using a J-725 spectrophotometer (JASCO, Japan) at
room temperature. Fluorescence spectra were analyzed by a F-7000 spectrofluorometer (Hitachi, Japan) with
an excitation of 260 nm and a scanning rate of 240 nm/min. UV/vis absorption spectra were measured with a
U-2900 spectrophotometer (Hitachi, Japan) at room temperature. Zeta potential measurements were

conducted using a LEZA-600 electrophoresis zeta potential analyzer (Otsuka, Japan).

2.2.6 Cell culture

Hela cells, a cervical cancer—derived cell line, were maintained in Eagle's minimum essential medium
(MEM) (Life Technologies, Carlsberg, CA, USA) containing 10% v/v fetal bovine serum (FBS) and
penicillin/streptomycin (100 mg/L medium). HEK293XL/null cells, a human embryonic kidney cell line,
were purchased from InvivoGen (San Diego, CA, USA) and grown in Dulbecco’s modified Eagle medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) containing 10% (v/v) FBS and penicillin/streptomycin (100
mg/L). Frozen peripheral blood mononuclear cells (PBMCs) were purchased from Cellular Technology
Limited (Shaker Heights, OH, USA) and thawed according to the manufacturer’s protocol. All cell lines were

incubated at 37 <C with 5% CO..
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2.2.7 Cytotoxicity assay

Cytotoxicity of BNNS and the BNNS/BP7 complex was investigated using a water-soluble tetrazolium
salt assay (CCK-8). A total of 4000 cells were seeded in a 96-well plate for 24 h to allow the cells to adhere,
after which the cells were exposed to serial dilutions of BNNS, BNNS/BP7 complex, or medium (control).
After a 24 h incubation at 37<C with 5% CO,, 10 L of CCK-8 solution was added to each well and
incubated for another 3 h. Next, the absorbance was measured at a wavelength of 450 nm. Cytotoxicity was

expressed as the percentage of cell viability compared to that of untreated control cells.

2.2.8 Cellular uptake

HeLa or HEK293XL/null cells (4 x 10*) were seeded in a 35-mm petri dish with a glass bottom and
incubated for 24 h at 37<C with 5% CO,. BNNS/BP7 complex was then added to the dish at a final
concentration of 50 pg/mL. After incubation for 24 h, the cells were washed twice with PBS and fixed with
3.7% (v/v) paraformaldehyde. The fixed cells were visualized using confocal laser scanning microscopy

(SP5; CLSM, Leica, Germany).

2.2.9 Preparation of BP7-CpG ODNs conjugates

BP7—CpG ODNs conjugates were prepared using a protein—protein crosslinking kit (Molecular Probes,
Invitrogen, CA, USA) according to the manufacturer’s instructions. Briefly, a thiol-reactive maleimide group
was introduced on the lysine residue of BP7 by incubation with  excess
trans4-{maleimidylmethyl)cyclohexane-1-earboxylate. The BP7-maleimide was then incubated with
thiol-labeled CpG ODNs to form a stable thioester bond between BP7 and CpG ODNs. The conjugates were

confirmed by native polyacrylamide gel electrophoresis and ethidium bromide staining.

2.2.10 CpG ODNs loading

CpG ODNs and BP7-CpG ODNs conjugates were incubated with 40 pL of BNNS solution (2 mg/mL
in PBS at pH 7.4) at a final concentration of 100 ng/mL for 1 h, followed by centrifugation to remove

unbound material in the supernatant. Supernatant CpG ODNSs concentration was measured by a Nano Drop
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2000 spectrophotometer (Thermo Scientific). Loading capacity was defined as the amount of CpG ODNs per
1 mg BNNS. The CpG ODNs and BP7-CpG ODNs conjugates—loaded BNNS were resuspended by adding
46 L PBS and used for cytokine induction. The microstructures of the BP7-CpG ODNSs conjugates—loaded
BNNS were observed by 3000F high-resolution field emission transmission electron microscopy (JEOL,

Japan) operated at an acceleration voltage of 300 kV.

2.2.11 CpG ODN:Ss release assay

One milliliter PBS (adjusted to pH 5.0 with HCI) was added to 1 mg CpG ODNSs or BP7-CpG ODNs
conjugates—loaded BNNS and stirred at room temperature. At regular intervals, the solution was centrifuged,
and aliquots of PBS (200 j.) were removed to measure the concentration of released CpG ODNSs. A total of

200 L fresh PBS was added to the solution for each aliquot removed.

2.2.12 Cytokine assay

PBMCs were seeded in RPMI 1640 medium supplemented with 10% FBS, at a density of 5 x 10°
cells/mL. Cells were immediately stimulated with CpG ODNs or BP7-CpG ODNs conjugates—loaded BNNS.
The final concentration of BNNS was about 87 pg/mL. Free BP7-CpG ODNs conjugates were used at a
final concentration of 1 pg/mL, corresponding to the concentration of the BNNS-loaded conjugates. After
24h and 8h of incubation respectively at 37<C, cell supernatants were collected for further analysis. The
concentration of IL-6, TNF-o. and IFN-a in the media was determined by enzyme-linked immunosorbent
assay (ELISA) using the Ready-SET-Go! Human IL-6 kit (eBiosciences, CA, USA), Human TNF-a kit
(eBiosciences, CA, USA) and Human IFN-alpha-Module set (eBioscience, Vienna, Austria), as per

manufacturer’s protocol.

2.2.13 Statistical analysis

Statistical analysis was performed using Student’s t-test. Data are presented as mean £=SD. Differences

were considered statistically significant for *p < 0.05 and **p < 0.01.

30



2.3 Results and discussion

2.3.1. Screening for BNNS-specific peptides

We used a randomized 12-mer peptide phage library (Ph.D.-12, New England Biolabs), which are
commonly used for screening peptide aptamers against various targets. Phages were incubated with highly
pure BNNS synthesized using chemical vapor deposition. The ratio of output to input phages increased
continuously for 5 rounds of panning against BNNS (Figure 2.3), demonstrating that phages with higher
affinities had been successfully concentrated in the phage pool. We randomly picked 96 individual clones
from the phage pool. DNA sequence analysis revealed that the clones consisted of 8 different peptides (Table

2.1). Of these clones, LLADTTHHRPWT (referred to as BP1), had the highest frequency (58%).
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Figure 2.3 Yield (output phages /input phages) against the rounds of panning.

Table 2.1 Selected peptides with affinity for BNNS.

a

Name Sequences Frequency (%) pl
BP1 LLADTTHHRPWT 58.3 6.92
BP2 APLQPRSDNPFR 8.3 9.64
BP3 SATTPLIFPQTT 6.3 5.24
BP4 YPAPQPLVTKTS 6.3 8.59
BP5 ERSWTLDSALSM 5.2 4.37
BP6 QHSAAHYSTRLS 3.1 8.76
BP7 VDAQSKSYTLHD 3.1 5.39
BP8 SFHQLPARSPLP 2.1 9.49

pl = isoelectric point. Values are calculated using online software (http://au.expasy.org/).
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Similar to carbon nanotube (CNT)-binding peptides reported previously,” the BNNS-binding peptides
were significantly rich in aromatic residues, including histidine (H) and tryptophan (W), compared to the
original phage library (Figure 2.4 ). However, we could not find a consensus amino acid sequence or shared
features in the selected peptides, suggesting that each peptide might have their own binding site and

BNNS-binding mechanism.

20+ I BNNS-binding peptides
NEB phage library

Frequencies (%)
=

Amino acids

Figure 2.4 Amino acid frequencies in the BNNS-binding peptide sequence.

To further investigate the BNNS-binding affinities and specificities of the peptides, we labeled the
peptides with fluorescein isothiocyanate. Fluorescent image analysis confirmed that all of the selected
peptides bound to BNNS (Figure 2.5, Figure 2.6). Of them, 2 peptide sequences, LLADTTHHRPWT (BP1)

and VDAQSKSYTLHD (BP7), showed a higher affinity for BNNS (Figure 2.5, Figure 2.6).

Figure 2.5 Fluorescence microscopy images of the FITC-labeled peptides binding to BNNS. In the control

group, the BNNS were incubated without peptides.

32



BP8
BP7
BP6
BP5
BP4
BP3
BP2
BP1
Control

0 10 20 30 40
Fluorescence intensity (a.u.)

Figure 2.6 Binding affinities of the peptides for BNNS. FITC-labeled peptide was incubated with BNNS for
1 h, washed, and visualized. Binding affinity was determined by averaging the fluorescence intensity of the
images.

We next examined the binding specificities of these 2 peptides with BNNS and 8 other types of
nanomaterials. Although BP1 showed cross-affinity to various types of hanomaterials such as CNT, gold (Au)
nanoparticles, and copper oxide (CuO) nanoparticles, as observed by other researchers,*** BP7
specifically bound to BNNS (Figure 2.7). In addition, BP7 binding notably improved the solubility of BNNS
in aqueous solution. The solubility and dispersion of BNNS are crucial characteristics for potential

applications in drug delivery systems.
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Figure 2.7 Binding specificities of the peptides for BNNS. FITC-labeled BP1 and BP7 were incubated with
BNNS or other nanomaterials for 1 h. Solutions were centrifuged and unbound peptide was determined by
the fluorescence intensity of supernatant. Binding specificities were calculated as the percentage of peptide

that bound to each nanomaterial. Data are presented as mean =SD (n = 3); *p < 0.05, **p < 0.01.
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2.3.2 BP7 to BNNS binding properties

To identify key amino acid residues involved in the binding of BP7 to BNNS, we constructed a series of
FITC-labeled BP7 variants in which specific amino acids were substituted by alanine (A) residues or
terminal sequences were deleted. Replacing valine (V), tyrosine (YY), and leucine (L) at the first (V1), eighth
(Y8), and tenth (L10) positions from the N-terminus of BP7 impaired BNNS binding (Figure. 2.8). In
addition, the deletion of 3 residues from either terminus of BP7 also reduced the affinity. In particular, the
mutation of tyrosine (Y8A) significantly affected the binding affinity for BNNS, suggesting that Y8 is
essential for binding. Substitution of the remaining 4 amino acid residues with alanine (D2A, K6A, H11A,
and D12A) had little effect on the binding. Tyrosine is an aromatic amino acid that is expected to form n—n
interactions, while valine and leucine are nonpolar residues that easily form hydrophobic interactions. These

interactions have been reported to be important for CNT and BNNT binding peptides.?%**

BP7-C9 QSKSYTLHD
BP7-N9  VDAQSKSYT
BP7-D12A VDAQSKSYTLHA
BP7-H11A VDAQSKSYTLAD
BP7-L10A VDAQSKSYTAHD
BP7-Y8A VDAQSKSATLHD
BP7-K6A VDAQSASYTLHD
BP7-D2A VAAQSKSYTLHD
BP7-V1A ADAQSKSYTLHD
BP7 VDAQSKSYTLHD

T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative BNNS binding

Figure 2.8 Binding affinity of BP7 mutants for BNNS. Terminal sequence deletion and Ala scanning (i.e.,
the substitution of alanine residues (A) for amino acids within the peptide) were used to determine key amino
acids for BP7 binding. Binding affinity was determined as previously described and normalized to BP7
binding. Data are presented as mean £SD (n = 3). *p < 0.05, **p < 0.01.

To characterize the conformational features of BP7, we measured the CD spectrum of free BP7 in the
presence and absence of BNNS. Molecular conformation plays an important role in determining the binding
strength of peptides to a target.*** As shown in Figure 2.9, BP7 had a peak at around 200 nm in solution,
which is a typical random coil spectrum. However, the spectrum dramatically changed when bound to BNNS,

suggesting a conformational change of BP7 on the surface of BNNS. Such a conformational change from a
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random coil is also reported in BP1 (also known as UW-1), which was identified as a binding peptide to
single-walled CNT.*? According to molecular dynamic simulation, peptides are believed to change their
conformation and spatial arrangement on nanomaterials, depending on the surface energy of the nanomaterial

and charge balance between peptide and material.**
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Figure 2.9 CD spectra of BP7 and the BNNS/BP7 complex measured between 190 nm and 270 nm with a

scanning speed of 20 nm/min and a bandwidth of 0.5 nm.
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Figure 2.10 Fluorescence emission spectra of BNNS, BP7 and BNNS/BP7 complex in TBS buffer.

To gain further insight into the mechanism of the n—m interactions between BNNS and BP7, we
investigated the fluorescence spectra of pure BNNS, pure BP7, and the BNNS/BP7 complex (Figure 2.10).
The peak corresponding to tyrosine residues appeared at 313 nm in pure BP7 and shifted to 328 nm in the
BNNS/BP7 complex. This result implies that a charge transfer occurred between BNNS and BP7 due to the
strong m—m interactions, similar to the CNT-binding peptide reported previously.*” Such charge transfer is also
observed between CNT and polymers.*® The UV/vis absorption spectra showed that the sharp peak assigned

to pure BNNS appeared at 202 nm and shifted to 196 nm in the BNNS/BP7 complex (Figure. 2.11). This
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observation suggests that the electronic structure of BNNS was affected by the charge transfer between
BNNS and BP7 from the n—r interaction. However, the detailed mechanisms of this n—mn interaction remain

unclear.
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Figure 2.11 UV/vis absorption spectra of BNNS, BP7, and the BNNS/BP7 complex.

2.3.3 Cytotoxicity and cellular uptake of the BNNS/BP7 complex

Biological safety is a critical criterion in the application of nanomaterials as carriers for drug delivery.*’

2731 the safety of

Although BNNS and BNNT have been reported to be suitable materials for drug delivery,
the BNNS/BP7 complex warranted investigation. Similar to BNNS, the BNNS/BP7 complex showed no
apparent decrease in cellular viability of human PBMCs and HEK?293 cells (Figure 2.12), even at a

concentration of 100 ug/mL, suggesting no cytotoxic effect of BP7 on the safety of BNNS.
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Figure 2.12 Cytotoxicity of BNNS and the BNNS/BP7 complex. Cells were incubated with increasing
concentrations of BNNS or the BNNS/BP7 complex, and cell viability was measured by a water-soluble
tetrazolium salt assay. Concentrations of the nanospheres: 0 pg/mL (Red), 25pg/mL (Cyan), 50.g/mL (Blue),

7510/mL (Olive), 100pg/mL (Yellow). Data are presented as mean =SD (n = 5).
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Cellular uptake is another important criterion for the application of nanomaterials as an intracellular
delivery system. When cells were incubated for 24 h with 50 g/mL BNNS loaded with FITC-labeled BP7,
we observed intracellular FITC fluorescence (Figure 2.13). This implies that BP7 was carried into the cells
by BNNS. Moreover, compared to our previous cellular uptake investigation of the pure BNNS, no distinct
enhancement by BP7 was observed in this study, both of the BNNS and the BNNS/BP7 complex showed
good cellular uptake behavior. These results suggest that the BNNS/BP7 complex is an efficient carrier for

intracellular delivery of CpG ODNE.

DIC Fluorescence Merge

293XL-null
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Figure 2.13 Cellular uptake of BNNS/BP7 complexes in HEK293XL-null and Hela cells.

2.3.4 Loading capacity of CpG ODNs on BNNS

We modified the lysine of BP7 with a thiol-reactive maleimide and thiolated the 3’ end of class-B CpG
ODNSs. The thiolated CpG ODNs were crosslinked with the maleimide-modified BP7, resulting in the
formation of a BP7—CpG ODNSs conjugates. The conjugates were then loaded on BNNS, with BP7 serving as
a linker. The maximum loading capacity of CpG ODNs was dramatically increased when BP7 was used as a
linker, to approximately 5-fold higher than CpG ODNs loaded directly onto BNNS (Figure 2.14). However,
when we used another two BP7 mutants (BP7-Y8A and BP7-L10A) as linkers, which had the reduced
affinity for BNNS, the loading capacity of their conjugates with CpG ODNs on BNNS significantly
decreased compared to that of BP7 (Figure 2.14). These results suggest that the higher loading capacity of

BP7-CpG ODN:Ss is due to the high binding affinity of BP7 to BNNS.
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Figure 2.14 Loading capacity of CpG ODNs, BP7-CpG ODNSs and BP7 mutants—CpG ODNSs conjugates on
BNNS, denoted as |y CpG ODNSs loaded on 1 mg BNNS. M1 (BP7-Y8A) and M2 (BP7-L10A) are mutants
of BP7 whose tyrosine (Y8) and leucine (L10) at eighth and tenth positions from N-terminal were replaced
by alanine (A), respectively. Data presented as mean £SD (n = 3).

We then examined the morphology of BP7-CpG ODNs conjugates on BNNS using a transmission
electron microscope. An amorphous-like layer was clearly observed on the surface of BNNS (Figure 2.15),
indicating the bound BP7-CpG ODNs conjugates. However, the conjugates were not uniformly distributed
on the surface. This irregular binding may be attributed to the heterogeneity of the BNNS surface. Oxygen
impurities might affect the affinity of BP7-CpG ODNSs for the surface of BNNS, due to the irregular

distribution of oxygen impurities during the formation of BNNS.*

Figure 2.15 TEM image of BP7-CpG ODNSs conjugate—loaded BNNS. The white arrows indicate the bound

layer of BP7-CpG ODNs conjugate.
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Next, we tested the release of the BP7—CpG ODNs conjugates from the surface of BNNS under acidic
conditions that correspond to the physiological environment in a TLR 9-localized endolysosome.
Approximately 65% of CpG ODNSs directly bound to BNNS was quickly released from BNNS within 12 h,
while only 30% of the BP7-CpG ODNs conjugates were released within 24 h (Figure 2.16). After 48 h,
almost no further release of the BP7-CpG ODNSs conjugates could be observed. This suggests CpG ODNs
could not be easily released from BNNS surface because of the stronger binding of the BP7—CpG ODNSs

conjugates to BNNS than direct binding of CpG ODNSs.
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Figure 2.16 Release profile of CpG ODNs and the BP7-CpG ODNSs conjugate loaded on BNNS at pH 5.
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Figure 2.17 Zeta potentials of BNNS, BNNS/BP7, BNNS/CpG ODNs, BNNS/BP7-CpG ODNs complexs in
TBS buffer (pH 7.4). Data presented as mean =SD (n =6).

Zeta potential showed that BNNS have a slight negative surface charge density (Figure 2.17),
suggesting that the lower loading capacity of negatively charged, free CpG ODNSs may be due to the negative
surface charge of BNNS. However, the BNNS/BP7 complex showed a higher negative charge density
compared to BNNS, implying that BP7 also has a negative charge. This is in accordance with our theoretical

prediction (Table 1), that BP7 had a predicted isoelectric point of 5.39. However, BP7 was still able to bind
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to the negatively charged BNNS, suggesting that the strong n—r interaction and hydrophobic interaction

between BNNS and BP7 can overcome the electrostatic repulsion.

2.3.5 Cytokine induction by BP7-CpG ODNs conjugates delivered by BNNS

Though the class-B CpG ODNSs used in this study activates TLR 9 and induces IL-6 and TNF-a, it does
not potently induce IFN-o to the extent of class-A CpG ODNSs.***2 However, Kerkmann et al. reported that
class-B CpG ODNs loaded on cationic polystyrene nanoparticles with a diameter of 180 nm induced IFN-a

to a greater degree than did free class-A CpG ODNs.>
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Figure 2.18 Cytokine induction in PBMCs stimulated by BP7—CpG ODNs conjugate—loaded BNNS. Loaded
BNNS (87 1g/mL) or a corresponding concentration of free BP7-CpG ODNSs conjugate (1 jg/mL) was
incubated with PBMCs for 8h (TNF-o) and 24h (IL-6) respectively. (a) IL-6 production. (b) TNF-a

production. Data are presented as mean £SD (n = 3); *p < 0.05, **p < 0.01.
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The BP7-CpG ODNSs induced IL-6 and TNF-a (Figure 2.18), but not IFN-a (Figure 2.19). CpG ODNSs
loaded directly on BNNS induced about twice the amount of IL-6 and TNF-a than the free BP7-CpG ODNSs
conjugate (Figure 2.18). This was mainly due to the improved cellular uptake efficiency of CpG ODNs by
the BNNS carrier. In our previous work, when fluorescein labeled free CpG ODNs was added to cultured
239XL-TLR 9 cells, fluorescence was not observed inside the cells. In contrast, strong fluorescence was
observed in CpG ODNs when delivered by BNNS.*" As expected, BP7-CpG ODNs conjugates loaded
BNNS induced the highest level of IL-6 and TNF-a (Figure 2.18). However, when we used another two BP7
mutants (BP7-Y8A and BP7-L10A)-CpG ODNs conjugates loaded BNNS to stimulate the PBMCs, the level
of IL-6 and TNF-o, induction significantly decreased compared to that of BP7 (Figure 2.20). This indicates
that the higher IL-6 and TNF-a induction of BP7-CpG ODNSs conjugates loaded BNNS should be attributed
to the higher loading capacity of BP7—CpG ODNs on BNNS.
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Figure 2.19 IFN-o induction from PBMCs stimulated by CpG ODNs. M1 (BP7-Y8A) and M2 (BP7-L10A)
are mutants of BP7 whose tyrosine (Y8) and leucine (L10) at eighth and tenth positions from N-terminal
were replaced by alanine (A), respectively. The concentration of the BNNS was about 87ug/mL. PTO-2216
CpG ODNs are positive control. Data presented as mean £SD (n =3). The symbol # means not detectable
(below detection limit).

IL-6 and TNF-o induction is thought to be mainly by BP7-CpG ODNs on BNNS, but not free
BP7-CpG ODNSs released from BNNS. BP7-CpG ODNs without BNNS and BP7-CpG ODNSs loaded on
BNNS were used at the same concentration. Therefore, since only 30% of the BP7-CpG ODNs conjugates

were released from BNNS within 24 h, IL-6 and TNF-a induction by released BP7-CpG ODNSs alone would
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have resulted in less IL-6 and TNF-a than that induced by free BP7-CpG ODN:Ss.
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Figure 2.20 Cytokine induction from PBMCs stimulated by BP7 mutants—CpG ODNs conjugate—loaded
BNNS. (a) IL-6 production. (b) TNF-a production. Loaded BNNS (87 pg/mL) was incubated with PBMCs
for 8 h (TNF-o) and 24 h (IL-6) respectively, M1 (BP7-Y8A) and M2 (BP7-L10A) are mutants of BP7
whose tyrosine (Y8) and leucine (L10) at eighth and tenth positions from N-terminal were replaced by
alanine (A), respectively. Data are presented as mean £SD (n = 3).

Structure of the CpG ODNs plays an important role in their immunostimulatory effect.> Class A CpG
ODNs induce the production of IFN-a, as they form a higher-order structures. However, such higher-order
structures are not observed in class B CpG ODNSs, they form a linear structures.> Although unmodified
class-B CpG ODNs do not have the potential to induce IFN-q, it has been reported that class-B CpG ODNSs
electrostatically adsorbed onto polystyrene and silica nanoparticles induce IFN-a.>* However, BP7-CpG
ODNSs loaded on BNNS, like free CpG-ODNSs, were not capable of inducing IFN-a. The polystyrene

nanoparticles used in the studies had surfaces coated with cations for electrostatic binding of CpG ODNs.*
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Because of this, it is possible that all of the nucleotides in CpG ODNSs bound to the cationic surface of the
nanoparticles, since the negatively charged phosphate group of the nucleotides was involved in the
electrostatic binding. In contrast, in BP7—CpG ODNSs conjugates, only 1 terminus (3’ end) of a CpG ODNSs
indirectly binds to the surface of BNNS through the linker peptide BP7, since the 3’ end of CpG ODNS is
thiolated for crosslinking with maleimide-modified BP7. Therefore, the method of binding for BP7-CpG
ODNs on BNNS differs from CpG ODNSs binding on polystyrene nanoparticles. This difference in binding

method may affect the activation of TLR 9 and further influence the potential for cytokine induction.

2.4 Conclusion

The peptide BP7 (VDAQSKSYTLHD) was identified from a combinatorial phage display library and
was found to exhibit a highly specific binding to BNNS. The tyrosine residue (Y8) of BP7 was critical to
maintain high affinity for BNNS. Attractive n—m interactions are considered to be the main driving force for
the binding of BP7 to BNNS, although hydrophobic interactions may also be involved in the binding, which
leads to a conformational change of BP7 on the surface of BNNS. The BNNS/BP7 complex was easily taken
up by cells, and showed no cytotoxicity. By using BP7 as a linker molecule, BNNS were capable of
delivering CpG ODNs to immune cells. BP7-CpG ODNs conjugates loaded on BNNS improved the capacity
of IL-6 and TNF-a induction from PBMCs compared to that of CpG ODNs directly loaded on BNNS. The
higher potential for cytokine induction in the BP7-CpG ODNSs conjugates—loaded BNNS may be attributed
to a higher loading capacity and stronger binding to BNNS. We anticipate that these findings will open a new
avenue for the functionalization of BNNS with peptides and pave the way for the application of BNNS in the

delivery of nucleic acid therapies, such as CpG ODNs and small interfering RNA.
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Chapter 3 Polyethyleneimine-functionalized BNNS as an efficient

carrier for enhancing the immunostimulatory effect of CpG ODNSs

3.1 Introduction

Bacterial DNA has been known for its immunostimulatory effect, which activates host defense system
leading to innate and adaptive immune responses.™ The specific sequence present in bacterial DNA that is
responsible for those effects is the unmethylated CpG motif.*> Synthetic ODNs containing unmethylated
CpG motifs are like those found in bacterial DNA and possess similar immunostimulatory effects.™® After
taken up by immune cells, CpG ODNs bind to intracellular TLR 9 in the endosomes of B cells and
plasmacytoid dendritic cells.>®” The binding initiates an immunostimulatory cascade that induce the
maturation, differentiation, and proliferation of multiple immune cells including B and T lymphocytes, NK
cells, and monocytes/macrophage.®® This further triggers cell signaling pathways including MAPKs and
NF«kB, subsequently results in the induction of multiple proinflammatory cytokines and chemokines and
modulates the cellular inflammatory response.’®*! These abilities enable CpG ODNSs to act as promising
immune adjuvants, as well as immunotherapeutic agents against allergy/asthma, cancer, and infectious
diseases.”™* However, the biologic activity of CpG ODNSs is reported to be transient, furthermore, the
extreme susceptibility to nuclease degradation in serum and poor cellular uptake of natural CpG ODNSs
severely limits their therapeutic applications.”®*® Therefore, there has been great interest in developing
approaches to optimize the stimulatory activity of CpG ODNSs. Many strategies are involved in chemical
modification of the CpG ODNs backbone. For instance, substituting the oxygen with sulfur generates a
phosphorothioate CpG ODNSs, which are more resistant to nuclease degradation and possess a better
immunostimulatory effect.®” However, several severe side effects caused by the modification of CpG
ODNSs backbone has been reported.™®™ In this regard, many research has been conducted on searching for
delivery systems to improve the stimulatory activity of CpG ODNSs. Evidence is accumulating indicates that
both the innate and adaptive immune responses induced by CpG ODNSs can be significantly enhanced by

using various nanoparticles as carriers.’®*” Therefore, using nanoparticles as carriers may make it possible to
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use naturally occurring CpG ODNs in clinical applications.

Nowadays, increasing attention has been paid to BN thanks to its outstanding properties and structural
similarity with carbon.?>?" BN also possess the advantage of easier cellular uptake and lower cytotoxicity
than carbon materials.?>?* Therefore, BN has found many applications ranging from composite materials to
electrical and optical devices.?*?* Furthermore, biomedical application of the BN nanomaterials has also been
reported. Both in vitro and in vivo experiments suggested that BNNT had the optimal biocompatibility,
indicating their potential biomedical applications.?>" We previously used BNNS as carrier for the delivery of
unmodified CpG ODNSs on activation of TLR 9.2 BNNS exhibited no cytotoxicity and protected unmodified
CpG ODNs from nuclease degradation. Furthermore, BNNS delivered CpG ODNSs into lysosome
compartments of the immune cells and stimulated an enhanced immune response compared to free CpG
ODNSs. However, since CpG ODNs and BNNS are both negatively charged, the loading capacity and cellular
uptake efficiency of CpG ODNSs is thought to be limited by the electrostatic repulsion and could not induce a
robust cytokine response. Furthermore, B class CpG ODNs loaded on BNNS only induced the IL-6 and
TNF-a, but could not induce IFN-a. However, high amount of IFN-a induction was reported when class-B
CpG ODNSs were adsorbed electrostatically onto polystyrene nanoparticles.?® We hypothesized that methods
which enhance the CpG ODNSs internalization by immune cells may potentiate their immunostimulatory
effect. And if the class-B CpG ODNSs are loaded electrostatically onto BNNS, they may acquire the ability to

induce IFN-a.

BNNS '

Figure 3.1 Schematic illustration of the process for preparation of the PEI-functionalized BNNS as an

efficient CpG ODNSs carrier.

In this chapter, we developed a novel CpG ODNSs delivery system based on polyethyleneimine
(PEI)-functionalized BNNS (Figure 3.1). PEI has been recognized as the ‘golden standard’ cationic polymer
for nucleic acid delivery, either used alone or used for surface coating of nanoparticles to bind negatively

charged nucleic acid drug.**3" Furthermore, PEI with low molecular weight are reported to be less toxic, and
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more effective as a coating material for nanoparticles to enhance the immunostimulatory effect of CpG
ODNSs.*? The loading capacity and the cellular uptake of CpG ODNSs loaded on BNNS-PEI were investigated.
The enhanced immunostimulatory effect of CpG ODNSs by using PEI-functionalized BNNS as carrier was

also studied and discussed in detail.

3.2 Materials and methods

3.2.1 Materials

Branched PEI with average molecular weight of 600 Da was purchased from Wako Pure Chemicals
(Osaka, Japan). Phosphodiester-based class-B CpG ODNSs, referred to as CpG ODNs 2006x3-PD,* were
obtained from Fasmac, Inc. (Kanagawa, Japan) and diluted in sterile water at a concentration of 100uM then
stored at -20<C. Frozen PBMCs were purchased from Cellular Technology Limited (OH, USA) and thawed
according to the manufacturer’s protocol. RPMI-1640 medium and fetal bovine serum (FBS) were obtained

form Gibco (NY, USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan).

3.2.2 Preparation of BNNS-PEI complexes

BNNS with high purity were synthesized by a chemical vapor deposition method as previously
reported.* PEI was diluted with Milli-Q water to a concentration of 10 % (v/v) prior to use. Working
solutions were prepared from the stock by dilution with Milli-Q water. For the functionalization of the BNNS,
1 mg of the BNNS was suspended in 1 mL PEI solution and stirred at room temperature for 2 hours. Then
the PEI-functionalized BNNS were washed five times with Milli-Q water by centrifugation and re-dispersed

in phosphate-buffered saline.

3.2.3 Characterizations

Fourier transform infrared (FTIR) spectra were performed on a Spectrum GX spectrophotometer
(Perkin Elmer, USA) at 4 cm™ resolution with 32 scans. Transmission electron microscopy were conducted
by a 3000F high-resolution field emission transmission electron microscopy (JEOL, Japan) operated at an

acceleration voltage of 300 kV. Dynamic light scattering (DLS) measurements were obtained using a Photal
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DLS-6000DL instrument (Otsuka, Japan). Zeta potential measurements were carried out using a LEZA-600
electrophoresis zeta potential analyzer (Otsuka, Japan). Thermogravimetric analysis were conducted on an

Sl TG/DTA 6200 system using a heating rate of 5°C per minute with an open alumina cell.

3.2.4 Cell culture and in vitro cytotoxicity assay

Frozen human PBMCs were thawed according to the manufacturer’s protocol. The cytotoxicity of
BNNS and the BNNS-PEI complexes to PBMCs were evaluated using a CCK-8 assay. PBMCs were seeded
into 96-well plate at a density of 50000 cells per well. After 24 h incubation at 37 <C with 5% CO, until the
cells adhered to the plate, a series concentrations of BNNS, BNNS-PEI complexes were added into the cell
culture. After another 24 h incubation, 10 L of CCK-8 solution was added to each well and incubated for an
additional 3 h. Finally, the absorbance at 450 nm was measured using the microplate reader to determine the

relative cell viability.

3.2.5 Preparation of BNNS-PEI/CpG ODNs complexes

25 L of CpG ODNSs solution was added to equal volume of BNNS-PEI solution (2 mg/mL in PBS at
pH 7.4) and shaken at room temperature for 1 h. The mixture was then centrifuged at 15000 rpm for 15
minutes to collect the BNNS-PEI/CpG ODNs complexes. Binding of the CpG ODNSs to the BNNS-PEI was
further confirmed by the gel electrophoresis using a 10-20% gel. BNNS-PEI were incubated with CpG
ODNs at various weight ratio (BNNS-PEI/CpG ODNSs) from 5 to 100, then the mixture was centrifuged and
the supernatant was collected for gel electrophoresis. CpG ODNs in the gel were visualized by ethidium
bromide using a Dolphin-Doc UV transilluminator (Kurabo, Japan). Loading capacity was calculated from
the concentration of the unloaded CpG ODNs in the supernatant measured by a NanoDrop 2000
spectrophotometer (Thermo Scientific). The BNNS-PEI/CpG ODNs complexes were resuspended by adding

50 L PBS and used for the following cytokine stimulation.

3.2.6 Uptake of CpG ODNs by human PBMCs

Human PBMCs (8>10%) were seeded in a 35-mm petri dish with a glass bottom and incubated for 24 h

at 37<C with 5% CO,. BNNS/FITC-CpG ODNs and BNNS-PEI/FITC-CpG ODNs complexes were then
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added to the dish at a final concentration of 50 pg/mL, free FITC-CpG ODNs and BNNS were used as
control. After incubation for 24 h, the cells were washed twice with cold PBS to terminate the uptake and
then fixed with 3.7% (v/v) paraformaldehyde. Fuorescence in the fixed cells were visualized using an SP5

confocal laser scanning microscopy (Leica, Germany) with a 63> oil immersion objective.

3.2.7 Cytokine assay

Human PBMCs were seeded at a density of 5x10° cells/mL in RPMI 1640 medium supplemented with
10% FBS, and then immediately stimulated with BNNS/CpG ODNs and BNNS-PEI/CpG ODNs complexes.
After 48 h and 8 h of incubation at 37 <C respectively, cell supernatants were collected for further analysis.
The concentrations of IL-6, IFN-a, and TNF-a in the medium were determined by ELISA using the
Ready-SET-Go! Human IL-6 kit (eBioscience, CA, USA), Human TNF-a kit (eBioscience, CA, USA) and

Human IFN-alpha-Module set (eBioscience, Vienna, Austria) as per manufacturer’s protocol.

3.2.8 Statistical analysis

Statistical analysis was performed using Student’s t-test. Data are presented as mean +SD.

3.3 Results and discussion

3.3.1 Preparation and characterization of BNNS-PEI complexes

BNNS were synthesized by a chemical vapor deposition method.* To obtain the positively-charged
surface and facilitate the loading of CpG ODNSs onto the BNNS, we used PEI to functionalize the surface of
BNNS. Figure 3.1 shows the schematic illustration of the preparation route. BNNS were non-covalently
functionalized by PEI polymers firstly, forming positively charged BNNS-PEI complexes. Then the
negatively charged CpG ODNs were loaded onto the BNNS-PEI complexes via electrostatic interactions.
Zeta potential measurements confirmed the successful functionalization of the BNNS with PEI. Coating of
the PEI greatly increased the zeta potential of BNNS from -5 mV to +40 mV for BNNS-PEI complexes
(Figure 3.2). In addition, a rise in the surface charge of BNNS-PEI complexes was observed when increasing

the starting concentration of the PEI solution during the functionalization of the BNNS. This is thought to be
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due to the increased amino groups coated on the surface of BNNS. PEI concentrations were optimized to 5%
in order to achieve a highest positive zeta potential and were used in the following studies. Therefore, the
positive charge that BNNS-PEI complexes bears can facilitate the loading of the negatively charged CpG

ODN s through the electrostatic interaction and enhance the cellular uptake of the complexes.

60
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0.1% 0.5% 2% 5% 10%
PEI concentration

-20

Figure 3.2 Zeta potentials of BNNS and series BNNS-PEI complexes at different starting concentration of
PEI.

TGA, a convenient technique to reveal the composition and change in the thermal stability of the
complexes, was used here to determine the amount of the PEI coated on the surface of BNNS, As shown in
Figure 3.3, BNNS had only a little mass loss (<5%) due to its superb structural stability and anti-oxidation
ability. In contrast, a much higher weight loss (22%) was observed for BNNS-PEI complexes. Thus, the
weight ratio of PEI in the BNNS-PEI complexes was calculated to be around 17%, which are thought to

facilitate the CpG ODNs loading on the BNNS.
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Figure 3. 3. Thermal gravimetric analysis of the BNNS and BNNS-PEI complexes.
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Further measurement of the size distributions showed that PEI coating did not result in a significant
increase in the mean particle of the BNNS-PEI complexes, which exhibited a relatively narrow size
distribution in PBS compared to that of BNNS (Figure 3.4). This indicates that BNNS-PEI complexes may
have good dispersity in PBS. Taken together, BNNS-PEI complexes are considered promising as carrier for

CpG ODNSs delivery.
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Figure 3.4 Hydrodynamic diameters distribution of BNNS and BNNS-PEI complexes.

3.3.2 In vitro cytotoxicity

The cytotoxicity of a carrier is critical for its application in drug delivery system.*® Here, the in vitro
cytotoxicity of the BNNS-PEI complexes was evaluated with human PBMCs by a water-soluble tetrazolium
cell proliferation assay. Although PEI have been widely used as non-viral gene delivery carriers, they are
reported to be toxic to cells. However, in our study, both of the BNNS and BNNS-PEI complexes showed
little cytotoxicity to human PBMCs up to a concentration of 100 pg/mL (Figure 3.5). This might be
attributed mainly to the low molecular weight (600Da) PEI used in our experiment. Furthermore, many
studies have shown that polycations such as PEI immobilized on the nanoparticles would decrease their
cytotoxicity, because of the formation of a rigid molecular structure which reduced the density of cationic
residues interacting with plasma membrances.*” Therefore, BNNS-PEI complexes are safe as vehicles for

drug delivery.
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Figure 3.5 In vitro cytotoxicity assay. Relative cell viability of PBMCs incubated with increasing
concentrations of BNNS or BNNS-PEI complexes measured by a water-soluble tetrazolium salt assay. Data

are presented as mean £SD (n = 5).

3.3.3 CpG ODN s loading

To study the ability of BNNS-PEI complexes as carrier for CpG ODNs delivery, BNNS-PEI complexes
were incubated with CpG ODNSs. Loading of CpG ODNs onto BNNS-PEI complexes was further confirmed
by gel electrophoresis. The band of CpG ODNSs from the supernatant became weaker when BNNS-PEI were
mixed with CpG ODNSs at higher weight ratio (BNNS-PEI/CpG ODNs), and disappeared from the ratio of 50
(Figure 3.6a). This indicates the electrostatic binding of the negatively charged CpG ODNSs to the positively
charged BNNS-PEI complexes, and all of the CpG ODNSs could be bound by BNNS-PEI complexes at the
weight ration of 50. Then we examined the loading capacity of the CpG ODNs on BNNS and BNNS-PEI
complexes, which increased with the increase of the CpG ODNSs concentrations and reached a plateau. As
expected, BNNS-PEI complexes possessed a much higher ability to load CpG ODNSs, calculated to be 24
g/mg nanoparticles, about 8 times higher than that of BNNS (Figure 3.6b). This is attributed to the strong
positive surface charge of the BNNS-PEI complexes, which enhanced the loading of the CpG ODNSs through
the electrostatic interactions. Release of the CpG ODNs from the BNNS-PEI/CpG ODNs complexes were
further studied. However, no release of the CpG ODNs could be observed. This result suggests that the
BNNS-PEI/CpG ODNs complexes are table and CpG ODNs could not be easily released from the

BNNS-PEI complexes due to the strong binding.
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Figure 3.6 Loading of CpG ODNs on BNNS-PEI complexes. (a) Gel electrophoresis image of the
supernatant after interaction of CpG ODNs with BNNS-PEI at increasing weight ratios. (b) Loading capacity
of CpG ODNSs on BNNS and BNNS-PEI complexes with increasing CpG ODNSs concentrations, denoted as

g CpG ODNs loaded on 1 mg BNNS.

3.3.4 Intracellular uptake of the CpG ODNs

Delivery or transfection efficiency of the carrier is a critical criterion for a drug/gene delivery system.
Although the improvement of the colloidal characteristics and CpG ODNSs loading capacity of the
BNNS-PEI complexes had been confirmed, still their ability to enhance the cellular uptake of the CpG ODNs
needed investigation. For the cellular uptake study, FITC-labeled CpG ODNSs was used to replace the regular
CpG ODNs and loaded on BNNS and BNNS-PEI complexes, this produced complexes with green
fluorescence when observed by CLSM. As shown in Figure 3.7, green fluorescence from the cells incubated
with BNNS-PEI/FITC-CpG ODNs complexes was clearly observed, and much stronger than that in cells
incubated with BNNS/FITC-CpG ODNs complexes. In contrast, no fluorescence could be observed when

applying free FITC-labeled CpG ODNSs to the cells, indicating the lower cellular uptake and the need of a
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carrier for CpG ODNs delivery. These findings confirmed our hypothesis that intracellular delivery of CpG
ODNs could be enhanced by BNNS-PEI complexes. After taken up by the cells, CpG ODNs localize mainly
in endosomal compartments and activate the TLR 9. This initiates the induction of several cytokines and
chemokines and further modulates the immune response.'® Therefore, enhancement of cellular uptake of
CpG ODNs by BNNS-PEI complexes is believed to strengthen the interaction of CpG ODNs with TLR 9

and trigger a better immune response.

DIC Fluorescence Merge

Figure 3.7 Confocal microscope images of PBMCs after 24 h of incubation with BNNS (A1-3), free CpG
ODNs (B1-3), CpG ODNs loaded on BNNS (C1-3), CpG ODNs loaded on BNNS-PEI complexes (D1-3).

CpG ODNSs were labeled with FITC.

3.3.5 Cytokine induction in vitro

To test the efficacy of BNNS-PEI complexes as a carrier for CpG ODNs delivery, BNNS-PEI/CpG
ODNSs were incubated with PBMCs, and the resultant cytokines productions were determined by ELISA. As
expected, PBMCs stimulated by BNNS-PEI/CpG ODNs complexes had the highest amount of IL-6 and

TNF-a (Figure 3.8a, 3.8b), about 6 times higher than that of BNNS/CpG ODNSs. Although PEI could be used
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alone as a drug delivery carrier, BNNS-PEI complexes exhibited much higher efficiency and the
BNNS-PEI/CpG ODNs complexes induced much more amount of the cytokines (Figure 3.8a, 3.8b). In
contrast, without a carrier, free CpG ODNs could only induce a quite small amount. This suggests that higher
cytokines production were due to the higher loading capacity and the enhanced cellular uptake of CpG
ODN:s attributed by positively charged BNNS-PEI complexes. Similar result was observed when we used a
BNNS-binding peptide as a linker molecule for CpG ODNs delivery, which enhanced the CpG ODNs
internalization by PBMCs.®

Although class-B CpG ODNSs, which have a linear structure, can stimulate TLR 9 in B cells and induces
IL-6 and TNF-a, they don’t have the potential to induce IFN-a as class-A CpG ODNs do.'*** However,
when we applied the CpG ODNSs loaded electrostatically onto PEI functionalized BNNS or mixed with PEI
to stimulate the PBMCs, they acquired the ability to induce the IFN-a (Figure 3.8c). In contrast, neither the
free CpG ODNSs nor the CpG ODNSs loaded directly on BNNS could stimulate the IFN-o secretion. We also
found that IFN-o induction was attributed to CpG ODNs molecules loaded on BNNS-PEI complexes but not
free ones released from the BNNS-PEI/CpG ODNSs complexes. Because we did not detect the release of CpG
ODNs molecules form BNNS-PEI/CpG ODNs complexes under conditions that correspond to the
physiological environment in the TLR 9-localized endolysosome. Although the mechanism why class-B CpG
ODNs acquired the potential to induce IFN-a is not clear, it is reported that the physical form of the CpG
ODNSs may play important role.* 43

Studies showed that immunostimulatory effects of the CpG ODNSs are dependent on not only their base
sequence and structure, but also their physical form.** The greater ability of class A CpG ODNSs to induce the
IFN-o. production is due to the formation of higher-order multimeric structure.?® However, such structures are
not observed in class B CpG ODNs, they form a linear structures.* Study has shown that an immune
response similar to class A CpG ODNs could be obtained by artificially causing class B CpG ODNs to form
multimeric structure using nanoparticles.***® This suggests that the multimerization of CoG ODNs molecules
is crucial for IFN-a induction. Therefore, when the class B CpG ODNSs were loaded onto the positively
charged BNNS-PEI complexes or mixed with PEI through electrostatic interaction, it was likely that they
formed the higher-order multimeric structure similar to class A CpG ODNSs, and acquired the ability to

induce the IFN-a. In contrast, when class B CpG ODNs bound directly to negatively charged BNNS they
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could not form multimeric structure because of the weak interactions, and like free class B CpG ODNSs, so
they could induce only the IL-6 and TNF-a but not IFN-a. However, the exact mechanism why class-B CpG

ODNs acquire the ability to induce the IFN-a remains unclear and further investigation is under way.
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Figure 3.8 Cytokine induction from PBMCs stimulated by CpG ODNSs loaded on BNNS and BNNS-PEI
complexes. Loaded BNNS or BNNS/PEI complexes (50 pg/mL). (a) IL-6 production. (b) TNF-o production.
(c) IFN-a production. Data are presented as mean + SD (n = 3). The symbol # means not detectable (below

detection limit).
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3.4 Conclusion

In this chapter, we reported the use of PEI-functionalized BNNS as s nano-carrier for the intracellular
delivery of CpG ODNSs. PEI were coated on the surface of BNNS through noncovalent electrostatic
interactions, the resultant BNNS/PEI complexes possessed strong positive charges and better dispersity and
stability in aqueous solution. Furthermore, BNNS/PEI complexes are non-toxic to human PBMCs up to a
concentration of 100 pg/mL. Due to their positive surface charge, BNNS/PEI complexes possess a superior
ability to enhance the loading capacity and cellular uptake of CpG ODNs molecules. Using BNNS/PEI
complexes as carrier for CpG ODNs delivery, cytokines such as IL-6 and TNF-ao production from PBMCs
were significantly enhanced compared to that of using BNNS or PEI as carrier. Most importantly, B class
CpG ODNs loaded on BNNS/PEI complexes acquired the ability to induce IFN-a. It is thought that PEI
coating changed the physical form of B class CpG ODNs on BNNS, further modulated their interaction with
TLR 9 and induced the IFN-o. Therefore, our results highlight the promise of BNNS/PEI complexes as a

novel nanocarrier for enhancing the delivery efficiency and immunostimulatory activity of CpG ODNE.
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Chapter 4 Chitosan coated BNNS for the enhanced CpG ODNSs

delivery and cytokines induction

4.1 Introduction

Recently, increasing attention has been paid to unmethylated CpG dinucleotides in immunotherapy.
These CpG motifs are found with high frequency in bacterial DNA, they stimulate the mammalian innate
immune system via activation of the pattern-recognition receptor TLR 9.° Synthetic short, single-stranded
ODN s that contain CpG motifs are similar to those found in bacterial DNA and stimulate a similar immune
response.?” The interaction of CpG ODNs with TLR 9 in antigen-presenting cells can activate two distinct
signaling pathways, in which two transcription factors, NFkB and IRF-7, are translocated into the nucleus,
leading to the induction of proinflammatory cytokines (such as IL-6 and IL-12) and/or type | interferons
(such as IFN-o) respectively.® These two types of cytokines are reported to play important roles in the
induction and maintenance of innate and adaptive immune responses.® Thus, CpG ODNSs have a strong
potential for improved vaccines as well as immunotherapies for allergy, cancer, and infectious diseases,
which have been initiated in humans and numerous animal species.>*® However, natural CpG ODNs with
only a phosphodiester backbone are not stable and prone to nuclease degradation in serum, and there are lots
of evidence that the biologic activity of CpG ODNS is often transient.’* This severely limits their potential
immunotherapeutic applications. Therefore, great efforts have been taken in developing approaches to
optimize the stimulatory activity of CpG ODNs. One of the most effective methods is chemical modification
of the CpG ODNs.***® Substituting the phosphodiester backbone with a phosphorothioate has been reported
to possess a better immunostimulatory effect due to the increased resistance to nuclease degradation.™™
However, there is concern about several severe side effects caused by the modification of DNA backbone.’
For example, repeated administration of backbone-modified CpG ODNs has been associated with reduced
immune responses, organ enlargement, and lymphoid follicle destruction.® Recently, researchers have
focused their eyes on searching for formulations and delivery systems to improve the stimulatory activity of

CpG ODNSs. Various particles, such as liposomes and inorganic nanoparticles have been used as carrier to

66



deliver unmodified CpG ODNs due to their ability to improve the stability and cellular uptake of CpG
ODNs. %

BN has received increasing scientific interest recently due to its advantageous properties and analogous
structure to carbon materials.*** These make it a potential material for many applications ranging from
composite materials to electrical and optical devices.”*’ Besides, it has been revealed that BN has good
biocompatibility, lower toxicity and easier cellular uptake than carbon.”*?° Ciofani et al. investigated the
cytocompatibility and magnetic properties of BNNT using neuroblastoma cells and demonstrated that BNNT
are suitable as nanovectors for cell therapy, drug and gene delivery, and for other biomedical and clinical
applications.® In our previous work, we used 150-nm BNNS as carrier for the delivery of unmodified CpG
ODNs on activation of TLR 9.3 BNNS showed no cytotoxicity and protected unmodified CpG ODNs from
DNase degradation. Furthermore, BNNS taken up by cells were found in endolysosomes. This was
particularity advantageous for a higher TLR 9 activity, as TLR 9 also localizes to endolysosomes. However,
since CpG ODNs and BNNS are both negatively charged, the electrostatic repulsion between them is
believed to lower the loading of CpG ODNs on BNNS. Therefore, the efficiency of CpG ODNSs uptake was
also limited and could not induce a robust cytokine response.

In this chapter, we prepared the chitosan coated BNNS, and used that as carrier for the delivery of CpG
ODNs (Figure 4.1). CS is a naturally existing polysaccharide composed of glucosamine and
N-acetylglucosamine residues derived from chitin.*® CS is reported to have many beneficial properties, such
as biocompatibility, biodegradability and low toxicity.*® Besides, in contrast to other biodegradable polymer,
CS is the only one exhibiting a cationic character, which allows electrostatic interactions with many
negatively charged nucleic acids to form stable complexes.** Therefore, CS has been widely used in many
drug and gene delivery systems. Wu et al developed a novel immunoadjuvant by enwrapping the CpG ODNs
with CS nanoparticles (CpG-CNP) and demonstrated that CpG-CNP significantly promoted cellular and

humoral immunity, and resistance of mice against E.coli infection.® Besides, CS are frequently utilized as

coating agent to adjust the surface charge of the nanoparticles to bind negatively charged nucleic acid
drugs.*® Molecular weight (MW) is an important characteristic of CS that influences its physicochemical and

biological properties. Therefore, MW of the CS is thought to play an important role in its complexation with
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CpG ODNs and will affect the CpG ODNs-TLR 9 interaction. Thus, we used CS of three different MW to
coat the surface of BNNS and examed the effect on CpG ODNs loading and the cytokines productions. It is
hypothesized that CS coating on BNNS will enhance the loading capacity and cellular uptake of CpG ODNSs,
and further enhance their immunostimulatory effect.
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Figure 4.1 Scheme of preparation and application of the chitosan-coated BNNS for CpG ODNSs delivery.

4.2 Materials and methods

4.2.1 Preparation of chitosan-coated BNNS (BNNS/CS)

Highly pure BNNS were synthesized by a chemical vapor deposition method as previously reported.*’
Chitosan with molecular weights of 60-120 kDa (named as CS-L), 110-150 kDa (CS-M), 140-220 kDa
(CS-H) were purchased from Sigma-Aldrich (St. Louis, USA) and dissolved with 1% acetic acid solution to
a concentration of 5 mg/mL prior to use. Working solution was prepared from the stock by dilution with
Milli-Q water. BNNS (1 mg/mL) were suspended by sonication in Tris-HCl-buffered saline (50 mM HClI,
150 mM NacCl, pH 7.5) containing 0.1% Tween-20 (TBS-T). For surface coating, 500 BNNS solution was
mixed with equal volume of 0.05 mg/mL CS solutions, the suspension was stirred at room temperature for 2
hours. The CS-coated BNNS were then collected by centrifugation at 12000 for 10 minutes, followed by five

washes with Milli-Q water. The BNNS/CS complexes were finally resuspended in phosphate-buffered saline.

4.2.2 Characterization methods

TEM were performed by a 3000F high-resolution field emission transmission electron microscopy
(JEOL, Japan) operated at an acceleration voltage of 300 kV. Fourier transform infrared (FTIR) spectra were

carried out on a Spectrum GX spectrophotometer (Perkin Elmer, USA) at 4 cm™ resolution with 32 scans.
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Zeta potential measurements were conducted using a LEZA-600 electrophoresis zeta potential analyzer
(Otsuka, Japan). Dynamic light scattering (DLS) measurements were obtained using a Photal DLS-6000DL
instrument (Otsuka, Japan). Thermogravimetric analysis were conducted on an SlI TG/DTA 6200 system

using a heating rate of 5°C per minute with an open alumina cell.

4.2.3 Cell culture

293XL-hTLR 9 cells stably expressing hTLR 9 were purchased from InvivoGen (CA, USA) and grown
in Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich, MO, USA) containing 10% (v/v) FBS, 50
units/mL penicillin, 50 mg/L streptomycin, 100 g/mL normocin and 10 pg/mL blasticidin. Frozen PBMCs
were purchased from Cellular Technology Limited (OH, USA) and thawed according to the manufacturer’s

protocol. Both cell lines were incubated at 37 <C with 5% CO..

4.2.4 In vitro cytotoxicity assay

The in vitro cytotoxicity of BNNS and the BNNS/CS complexes were investigated using a Cell
Counting Kit-8 (CCK-8) (Dojindo, Japan). 5000 cells were seeded in a 96-well plate for 24 h to allow the
cells to adhere and then exposed to serial dilutions of BNNS, BNNS/CS complexes, or medium (control).
After a 24 h incubation at 37<C with 5% CO,, 10 L of CCK-8 solution was added to each well and
incubated for another 3 h. The absorbance at 450 nm was then measured using a microplate reader (MTP-880
Lab, Corona, Japan). Cytotoxicity was expressed as the percentage of cell viability compared to that of

untreated control cells.

4.2.5 Preparation of CpG ODNs-loaded BNNS/CS (BNNS/CS/CpG ODNs)

Phosphodiester-based class-B CpG ODNS, referred to as CpG ODNs 2006x3-PD,* were purchased
from Fasmac, Inc. (Kanagawa, Japan). CpG ODNSs were diluted in sterile water at a concentration of 100 M
and stored at -20<C. To prepare the BNNS/CS/CpG ODNs complexes, 25 L of CpG ODNSs solution (20pM)
was incubated with equal volume of BNNS/CS solutions (2 mg/mL in PBS at pH 7.4) at room temperature

with gentle shaking for 1 h. The mixture was then centrifuged at 15000 rpm for 15 minutes to collect the
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BNNS/CS/CpG ODNs complexes. The loading capacity was calculated from the concentration of the
unloaded CpG ODNs in the supernatant measured by a Nano Drop 2000 spectrophotometer (Thermo
Scientific). The BNNS/CS/ CpG ODNs complexes were resuspended by adding 50 L PBS and used for the

following cytokine stimulation.

4.2.6 Cytokine assay

PBMCs were seeded in RPMI 1640 medium supplemented with 10% FBS, at a density of 5 x 10°
cells/mL. Cells were immediately stimulated with CS/CpG ODNs, BNNS/CpG ODNs and BNNS/CS/CpG
ODNSs complexes. The final concentration of BNNS was about 50 pg/mL. For comparison, cells were also
stimulated with Lipofectamine™ 2000-CpG ODNs complexes (Invitrogen , NY, USA). After 48 h and 8 h of
incubation at 37<C respectively, cell supernatants were collected for further analysis. The concentration of
IL-6, IFN-0. and TNF-o in the media was determined by ELISA using the Ready-SET-Go! Human IL-6,
Human IFN-alpha-Module set (eBioscience, Vienna, Austria) and TNF-a kit (eBioscience, CA, USA), as per

manufacturer’s protocol.

4.2.7 Cellular uptake of BNNS/CS/CpG ODNs complexes

Fluorescein isothiocyanate-labeled CpG ODNs were loaded on BNNS and BNNS/CS respectively to
form BNNS/CpG ODNs and BNNS/CS/CpG ODNs complexes. PBMCs (8x10%) were seeded in a 35-mm
petri dish with a glass bottom and incubated for 24 h at 37<C with 5% CO,. And then the prepared
complexes were added to the dish. After incubation for 24 h, the cells were washed twice with PBS and fixed
with 3.7% (v/v) paraformaldehyde. The fixed cells were visualized using an SP5 confocal laser scanning

microscopy (CLSM, Leica, Germany).

4.2.8 Intracellular localization of CpG ODNSs

293XL-hTLR 9 cells (8x10") were seeded in a 35-mm petri dish with a glass bottom and incubated for
24 h at 37 <C with 5% CO,. BNNS/FITC-CpG ODNs and BNNS/CS/FITC-CpG ODNs complexes were then
added to the dish at a final concentration of 50 pg/mL. After incubation for 24 h, the cells were washed twice

with PBS and fixed with 3.7% (v/v) paraformaldehyde. Samples were then blocked for 1 h at room
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temperature using 3% BSA in PBS and stained with anti-LAMP-1 antibody (Abcam, UK). The cells were
visualized using the SP5 confocal laser scanning microscopy (CLSM, Leica, Germany), the images were

acquired sequentially using separate laser excitation to avoid any cross-talk between the fluorophore signals.

4.2.9 Ethidium bromide (EB) displacement assay

The ethidium bromide (EB) displacement assay was used to determine the binding strength of the CpG
ODN s to CS of different MW, by monitoring changes in fluorescence intensity of EB bound to CpG ODNs
as a function of added CS concentrations. At room temperature, 100 CpG ODNs (10pg/mL) was treated
with 100pL EB (1pg/mL) for 10 min, then CS with different MW and series concentrations were added and
incubated for 2 min, thereafter, the fluorescence intensity at 570 nm was measured on the microplate reader.
The competitive binding constants (K) were calculated using the equation: 1=1,+K {CS], where lyand | are
the fluorescence intensity in the absence and presence of the quencher CS, [CS] are the concentrations of the

CS.

4.2.10 Statistical analysis

Statistical analysis was performed using Student’s t-test. Data are presented as mean =SD. Differences

were considered statistically significant for *p < 0.05.

4.3 Results and discussion

4.3.1 Preparation and characterization of BNNS/CS complexes

BNNS were synthesized by a chemical vapor deposition method as previously reported, which have a
ball-like shape and the average size is approximately 150 nm. To obtain the positively-charged surface and
facilitate the attachment of CpG ODNs onto the BNNS, we used the chitosan to modify the BNNS, because
CS is the only biodegradable and biocompatible polysaccharide that exhibiting a cationic character. Figure
4.2a shows the zeta potentials of BNNS and BNNS/CS complexes in PBS. It can be found that zeta
potentials are changed after the coating of CS. Pure BNNS have the negative zeta potential of -5.98 +1.28
mV, while they are positive for BNNS/CS complexes. This suggests that the CS might have been coated on
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the surface of BNNS and changed the zeta potential. Furthermore, the surface charge of the BNNS coating
with CS exhibited a molecular weight (MW)-dependent manner, showing a higher positive charge density
with the increase in MW of the CS. These results are thought to be due to the abundant amino groups in the
CS of high MW. To further confirm the the coating of CS on BNNS, FTIR spectra was used. Figure 4.2b
shows the FTIR spectra of low molecular weight CS, as well as the pure BNNS and CS-coated BNNS
samples. 2927 cm™ (C-H stretch) and 1644 cm™ (amide | band, C=0 stretch of acetyl group) are the
characteristic stretching and bending vibration of CS.*> BNNS present a strong band at around 1400 cm™,
along with a less intense band at 780 cm™, which are assigned to the (B-N) and (B-N-B) vibrations
respectively.®” It can be observed that the BNNS/CS complexes clearly displays the peaks assigned to both
BNNS and CS. These results demonstrate the presence of CS in the BNNS/CS complexes and confirm the
success of the coating. Therefore, the negatively charged CpG ODNs were able to bind to positively charged

BNNS/CS complexes through the electrostatic interaction.
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Figure 4.2 Characterizations of the BNNS/CS complexes. (a) Zeta potentials of BNNS and BNNS coated
with CS of different molecular weights (MW) in PBS (pH 7.4). (b) FTIR spectra of BNNS, CS and

BNNS/CS complexes.
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It is reported that the size of the biomaterials could alter the TLR 9-mediated cytokine profiles as it
affect their efficiency of cellular uptake, intracellular trafficking and so on.? Here, the size distributions of
the BNNS with and without CS coating were measured using DLS. Compared to the pure BNNS, which has
a average diameter of about 360 nm, coating with CS on the surface may have resulted in partial aggregation
of the BNNS but have not greatly increased the size of the BNNS (Figure 4.3). This might be due to the
relatively low concentration of CS included in the BNNS suspension. The dispersity and stability of
nanoparticles are crucial characteristics for application as carrier in drug delivery system. In our experiment,
we observed that CS coating notablely improved the dispersity and stability of BNNS in aqueous solution.
Although the exact mechanism of these is not clear, the interaction of amino groups in CS with the BNNS
surface is thought to play a important role. The amino functional groups from CS adsorbed onto the BNNS
surface leads to good dispersion, CS molecules can also act as polycationic surfactant and improve the
dispersion of the BNNS.**? Furthermore, adsorption of the CS triggers a entropic repulsion among the
CS-coated BNNS and stabilizes the dispersion, which is expected to be the most likely stabilization

mechanism.*® Therefore, CS coating made BNNS more suitable as carrier.
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Figure 4.3 Size distributions of BNNS coated with CS of different molecular weights measured by DLS.
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4.3.2 Cytotoxicity of the BNNS/CS complexes

Investigation on biological safety of drug delivery vehicles is a critical criterion for drug delivery
system.* Although previous studies have demonstrated that BNNS and CS are biocompatible and suitable
for drug delivery, it is still necessary to investigate the safety of the BNNS/CS complexes because in this
study we used the acetic acid solution to dissolve the CS. Here, two types of cells, human PBMCs and
293XL-hTLR 9 cells, were used to study the in vitro cytotoxicity of BNNS/CS complexes measured by a
water-soluble tetrazolium cell proliferation assay. Although CS with high MW are reported to be associated
with potential cytotoxicity, BNNS coated with CS of three kinds of MW exhibited similar biocompatibility
and showed no cytotoxicity to human PBMCs or 293XL-hTLR 9 cells up to a concentration of 100 pg/mL
(Figure 4.4). These results suggests that the BNNS/CS complexes are safe and suitable as vehicles for drug

delivery.

160

I 0 . g/mL
227 50 ng/mL
1100 ug/mL

BNNS/CS-L  BNNS/CS-M  BNNS/CS-H

n
(=]

Cell viability (%)
3

-y
(=]

160

I 0 pg/mL
F-277) 50 pg/mL
1204 [ 100 pg/mL

i

BNNS/CS-L  BNNS/CS-M  BNNS/CS-H

Cell viability (%)

Figure 4.4 Cytotoxicity of BNNS coated with CS of different molecular weights to PBMCs and
293XL-hTLR 9 cells. (a) PBMCs. (b) 293XL-hTLR 9 cells. Cells were incubated with increasing
concentrations of BNNS/CS complexes, and cell viability was measured by a water-soluble tetrazolium salt

assay. Data are presented as mean £SD (n =5).



4.3.3 BNNS/CS complexes as carrier for the delivery of CpG ODNs

Next, we used the BNNS/CS to bind the CpG ODNs and yield BNNS/CS/CpG ODNSs complexes. The
negatively charged phosphate groups of the CpG ODNs backbone were thought to interact with the amine
group of CS and result in CpG ODNs adsorption onto BNNS/CS. As expected, the maximum loading
capacity of CpG ODNs was dramatically increased for BNNS/CS complexes, about 17.5, 21.4, and 27.2 |y
CpG ODNs/mg nanoparticles for BNNS coated with CS-L, CS-M, and CS-H, respectively. These were more
than 6 times higher than that of CpG ODNSs loaded directly onto BNNS (Figure 4.5). This result is thought to
be attributed to the positively charged BNNS surface after CS coating. Negatively charged CpG ODNSs could
easily bind to BNNS/CS complexes through the electrostatic interactions. Furthermore, the maximum
capacity for loading CpG ODNSs increased with the increase in the MW of CS (Figure 4.5), because the

BNNS coated with CS of a higher MW had a higher positive charge density, which could bind more amount
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Figure 4.5 Loading capacity of CpG ODNs on BNNS and BNNS/CS complexes, denoted as g CpG ODNs
loaded on 1 mg BNNS. Data are presented as mean £SD (n = 5).

The amounts of CS coated on the surface of BNNS were further determined by the TG analysis. The
weight loss of the CS were estimated to be 8.5%, 9.1%, and 10.9% for CS-L, CS-M, and CS-H, respectively
(Figure 4.6). Therefore, the ratio of CS on the BNNS surface and the loading capacity of CpG ODNs were
similar for all of the three kinds of CS. This suggests that the CS/BNNS coverage ratio is not involved in the

loading capacity of CpG ODNSs. For this kind of electrostatic nanocomplexes, stability is critical for their
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applications and has to be investigated. The stability of the BNNS/CS/CpG ODNs complexes is further
studied by incubating the complexes under conditions that correspond to the physiological environment in
the TLR 9-localized endolysosome. After 48 h, almost no release of CpG ODNs from the BNNS/CS
complexes could be observed. This suggests that the BNNS/CS/CpG ODNs complexes are very stable and
CpG ODNSs could not be easily released from the BNNS/CS complexes because of the stronger binding of

the CpG ODNSs to BNNS/CS complexes.
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Figure 4.6 Thermogravimetric analysis curves of BNNS coated with CS.

Generally accepted that intracellular drug delivery significantly influences the efficiency of a drug
delivery system.* After endocytosis, CpG ODNSs in the endosome or lysosome can activate the TLR 9. This
initiates the induction of multiple cytokines and chemokines, further modulates the immune response.
Enhancement of cellular uptake of CpG ODN:Ss is, therefore, vital for a better immune responses. To study the
cellular uptake efficiency of CpG ODNs using BNNS/CS complexes as carriers, FITC-labeled CpG ODNs
were loaded on BNNS and BNNS/CS respectively to form BNNS/CpG ODNs and BNNS/CS/CpG ODNs
complexes. Then the complexes were incubated with PBMCs for 24 h and then investigated by CLSM
observation. Green fluorescence from the BNNS/CpG ODNs and BNNS/CS/CpG ODNs were observed in
the cells (Figure 4.7a). This implies that CpG ODNSs were internalized into the cells after a 24 h incubation.
Furthermore, at the same incubated condition, green fluorescence from the cells incubated with
BNNS/CS/CpG ODNs complexes was much stronger than that in cells incubated with BNNS/CpG ODNs
complexes. This indicates that more amount of CpG ODNs were internalized into the PBMCs when using

BNNS/CS complexes as carriers. However, no fluorescence could be observed from the cells incubated with
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free CpG ODNSs, suggesting that lower cell uptake of free CpG ODNs, which made it difficult to observe the
green fluorescence. Therefore, the BNNS/CS complexes seem to significantly enhance the efficiency of
cellular uptake of CpG ODNs and are thought to facilitate the interaction of CpG ODNs with TLR 9. For

CpG ODN s delivery, CpG ODNs should be delivered into endolysosomes where the TLR 9 localizes in.

d

BNNS BNNS/CS-L BNNS/CS-M BNNS/CS-H

FITC LAMP1 Merged

Figure 4.7 Cellular uptake and intracellular localization of the CpG ODNSs. (a) Cellular uptake of CpG ODNSs
delivered by BNNS and BNNS coated with CS-L, CS-M and CS-H. (b) Intracellular Localization of CpG
ODNSs loaded on BNNS/CS complexes. CpG ODNs were labeled with FITC (Green). Cells were fixed,
stained intracellularly with LAMP-1 antibodies (Red) and imaged by confocal microscopy.

We investigated the intracellular localization of CpG ODNs using BNNS/CS complexes as carriers. The
lysosome-associated membrane protein-1 was chosen to identify the late endosomes endosomal vesicles in
293XL-hTLR 9 cells. Using confocal microscopy, we observed that CpG ODNs loaded on BNNS/CS
complexes were localized in LAMP-1-positive late endosome (Figure 4.7b). Therefore, CpG ODNs were
localized in late endosome after delivered into immune cells, and are thought to trigger several cell signaling
pathways such as the NFxB, further result in the induction of proinflammatory cytokines. These results

suggest that CS-coated BNNS are efficient carrier for the intracellular delivery of CpG ODNE.

4.3.4 Cytokine induction by BNNS/CS/CpG ODNs complexes

Figure 4.8 shows the cytokines induction in PBMCs stimulated by CpG ODNs delivered by BNNS and

BNNS coated by CS with different MW. As expected, BNNS/CS/CpG ODNs complexes induced much
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higher amount of 1L-6 and TNF-a than that of CpG ODNs loaded directly on BNNS. This was mainly due to
the the higher loading capacity and the enhanced cellular uptake of CpG ODNSs using BNNS/CS complexes
as carrier. In our previous work, when we used a BNNS-binding peptide as a linker molecule for CoG ODNs
delivery, which improved the loading capacity of CpG ODNs on BNNS, the cytokines production were also
significantly enhanced.® Furthermore, though CS itself is frequently reported as a polymeric carrier in many
drug and gene delivery systems, in our study, BNNS/CS/CpG ODNs complexes induced about 2 times
higher amount of cytokines than that of CS/CpG ODNs, because of the improved cellular uptake of CpG
ODNSs. Although the commercial transfection agents, Lipofectamine™ 2000, are reported to be with high
transfection efficiency, here, in our study, BNNS/CS/CpG ODNs complexes induced higher amount of the
cytokine than that of Lipofectamine-CpG ODNs complexes. Therefore, BNNS/CS/CpG ODNs complexes
exhibited much better effect in cytokines production. Although maximum capacity for loading CpG ODNSs
increased with the increase in the MW of CS, BNNS coated with CS of low MW had the highest IL-6 and
TNF-o productions, and both of the cytokines production decreased when the MW of CS increased. These
results suggest that the MW of the CS coated on BNNS is a critical factor for cytokines induction by CpG
ODNs. Surprisingly, different from PEI-functionalized BNNS, CpG ODNs loaded on BNNS/CS could not
induce IFN-o production from PBMCs (Figure 4.8c). However, the mechanism remains unclear and further
investigation is under way. To further investigate the cause of lower cytokines induction by CpG ODNSs
loaded onto BNNS coated with CS of higher MW, we analyzed the cellular uptake of FITC-labeled CpG
ODNs loaded onto BNNS coated with CS of three kinds of MW. It was found that the cellular uptake of CpG
ODNs loaded onto BNNS was not significantly affected by the MW of CS, all of them showed good cellular
uptake behavior (Figure 4.7a). This suggests that the difference in cellular uptake is not the reason for the
lower cytokines induction in BNNS coated with CS of high MW. Therefore, the MW of CS is thought to
affect the cytokine induction. It has been reported that CS of low MW is more efficient for transfection than
high MW CS.* In addition, MW of the CS is thought to play an important role in its complexation with CpG
ODNs and thus affect the CpG ODNSs-TLR 9 interaction. Ma et al reported that the binding strength and
constant of CS with plasmid DNA were significantly influenced by MW of CS, which increased by almost an
order of magnitude with an increase of the CS MW from 7 to 153 kDa.*’ Danielsen et al found that CS could

compact plasmid DNA into various well-defined geometries, reflecting various CS-DNA interaction
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Figure 4.8 Cytokine induction in PBMCs stimulated by CpG ODNs loaded on BNNS and BNNS/CS

complexes. Loaded BNNS or BNNS

/CS complexes (50 pg/mL). (a) IL-6 production. (b) TNF-a production.

(c) IFN-a production. Lipofectamine™ 2000 was used for comparison. Data are presented as mean £SD (n

= 3). The symbol # means not detectable (below detection limit). *p < 0.05.
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strengths, which was strongly dependent on the MW of the CS.*® We investigated the binding strength of
CpG ODNs with CS of three different MW using the ethidium bromide (EB) displacement assay. The
emission intensity of EB is known to be greatly enhanced when intercalatively binding to DNA.*
Accordingly, adding a second DNA binding ligand would quench the EB emission through the replacement
of the DNA-bound EB due to stronger binding affinity to DNA than EB.* As shown in Figure 4.9 , the
emission of the DNA-bound EB was reduced upon the addition of CS. The competitive binding constants (K)
were calculated to be ~ 10° M™ and follow the order of CS-H > CS-M > CS-L (Table 4.1). This clearly
indicates that CS of a higher MW has higher affinity and binds tightly to CpG ODNSs. Therefore, the higher
cytokines induction by BNNS coated with CS-L is thought to be caused by enhanced interaction of CpG
ODNSs with TLR 9, which attributed by the loose condensation of CpG ODNSs. In contrast, CS-M and CS-H
may complex CpG ODNs more tightly due to their higher positive charge density, making it difficult for

CpG ODN:S to interact with TLR 9.
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Figure 4.9 The plot of I /lyvs. [CS] for fluorescence quenching curves of CpG ODNs-EB by the CS of
different MW. [CS], the concentrations of the chitosan. |y, fluorescence intensity in the absence of CS, I,
fluorescence intensity in the presence of CS.
Table 4.1 Competitive binding constants of chitosans to CpG ODNSs calculated from the fluorescence

quenching.

Chitosan CS-L CS-M CS-H
K (M-1) 3.3X10° 4.8 X10° 7.2X10°
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4.3.5 Suppressive effect of CS on IFN-a induction

In chapter 3, when we used PEI-functionalized BNNS as carrier for CpG ODNSs, they induced the IFN-a
from PBMCs. However, CpG ODNs loaded on CS-coated BNNS did not have this ability, though both of CS
and PEI are cationic polymer that have similar properties. Recently, we found that CS inhibited the IFN-a
production from PBMCs induced by class A CpG ODNs 2216, and this inhibitory effect showed a
concentration-dependent manner (Figure 4.10). CS has also been reported to inhibit lipopolysaccharide
-induced over-expression of IL-6 and TNF-o in RAW264.7 macrophage cells through blockade of MAPK
and PI3K/Akt signaling pathways.™> We hypothesized that some signaling pathways that leads to IFN-a
secretion might be blocked by CS. However, the mechanism remains unclear and further investigation is

under way.
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Figure 4.10 Suppressive effect of CS on IFN-a induction from PBMCs by class A CpG ODNs 2216. PBMCs
were treated with CS for 4 h first, and then stimulated with class A CpG ODNs 2216. After 24 h,
supernatants were collected and tested for IFN-a secretion by ELISA. Data are presented as mean £SD (n =

3).

4.4 Conclusion
In this chapter, we prepared the CS-coated BNNS as carrier for the class B CpG ODNs delivery. CS
coating shifted the surface zeta potential of BNNS from negative to positive in PBS. The BNNS/CS

complexes exhibited a good dispersity and stability in aqueous solution due to the CS coating. Compared to
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CpG ODNs directly loaded on BNNS, BNNS/CS complexes greatly improved the loading capacity and
cellular uptake efficiency of CpG ODNs due to the their positive charge. The loading capacity of the CpG
ODNSs depended on the molecular weight (MW) of CS, which affected the positive charge density on the
surface of BNNS. CpG ODNs loaded on BNNS/CS complexes were localized in LAMP-1-positive late
endosome and significantly enhanced the IL-6 and TNF-a productions from PBMCs compared to that of
CS/CpG ODNs complexes and CpG ODNs directly loaded on BNNS, even higher than that of using
Lipofectamine™ 2000 as carrier. This was thought to be duo to a higher loading capacity and enhanced
cellular uptake of CpG ODNs. Furthermore, MW of the CS used for BNNS coating affected the cytokines
induction through varying the strength of the condensation of the CpG ODNs. Higher cytokines production
was observed for CpG ODNSs loaded on BNNS coated with CS of lower MW, though it showed the lowest
loading capacity. We also found that CS had a suppressive effect on TLR 9 mediated IFN-o induction.
However, the mechanism remains unknown. We anticipate that these findings will open a new avenue for the
functionalization of BNNS as carrier in the delivery of nucleic acid therapies, such as CpG ODNs and small

interfering RNA.
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Chapter 5 Summary

Bacterial and viral DNA containing unmethylated CpG dinucleotides stimulate the mammalian innate
immune system. This process is mediated by the activation of TLR 9, a member of Toll-like receptor family.
Synthetic ODNs containing unmethylated CpG motifs are like those found in bacterial DNA and possess
similar immunostimulatory effects. The activation of TLR 9 initiates an immunostimulatory cascade that
induce the maturation, differentiation, and proliferation of multiple immune cells including B and T
lymphocytes, NK cells, and monocytes/macrophage. This further triggers cell signaling pathways including
MAPKSs and NF«xB, subsequently results in the induction of multiple proinflammatory cytokines and
chemokines that modulating the cellular inflammatory response. As such, CpG ODNs have potential for
treatment of infectious diseases, allergies, and cancers. However, the immunostimulatory effects are often
limited by the poor stability and cellular uptake of natural CpG ODNs. Therefore, there has been great
interest in developing approaches to optimize the stimulatory activity of CpG ODNs. Chemical modification
of CpG ODNs backbone is an effective technique to protect against degradation by nucleases. However,
there is concern over several severe side effects. Since CpG ODNs are negatively charged, it is difficult for
them to bind to the negatively charged cell surface. This electrostatic repulsion is believed to limit the
efficiency of CpG ODNSs uptake and their immunostimulatory effect. Evidence is accumulating indicates that
both the stability and cellular uptake of natural CpG ODNs can be enhanced by using nanoparticles as
carriers. Therefore, delivery of unmodified CpG ODNSs using nanoparticles maybe an good approach to
improve their immunostimulatory effect, and make it possible to use naturally occurring CpG ODNSs in
clinical applications.

In this regard, this dissertation focuses on development of novel delivery systems for natural CpG
ODNSs by using BNNS to enhance the immunostimulatory effect of CpG ODNSs.

In chapter 1, a general introduction of this study was given, including the mechanism of human immune
system, the interaction between TLR 9 and CpG ODNSs, therapeutic potential of CpG ODNSs, delivery
systems for CpG ODNs, and the BNNS.

In chapter 2, a novel CpG ODNs delivery system based on a BNNS-binding peptide has been developed.
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Firstly, a 12-amino acid peptide, designated as BP7, which had specific affinity for BNNS, was indentified
using phage display technique. BNNS that bound BP7 (BNNS/BP7) were taken up into cells and showed no
cytotoxicity. Using BP7 as a linker, the loading capacity of CpG ODNs on BNNS increased 5-fold compared
to the direct binding of CpG ODNs to BNNS. Then we used the BP7-CpG ODNs conjugates—loaded BNNS
to stimulate the PBMCs and measured the cytokine productions. BP7-CpG ODNs conjugates—loaded BNNS
had a greater capacity to induce IL-6 and TNF-o production from PBMCs than that of CpG ODNs directly
loaded on BNNS. However, it could not induce IFN-a from PBMCs. The higher amount of cytokine
induction from BP7-CpG ODNs conjugates—loaded BNNS may be attributed to a higher loading capacity
and stronger binding to BNNS with the linker BP7. Thus, the BNNS-binding peptide provide a promising
strategy for enhancing the immunostimulatory effect of CpG ODNE.

In chapter 3, another CpG ODNs delivery system using cationic polymer-functionalized BNNS has
been developed. PEI was coated on the surface of BNNS to achieve a positive surface charge, which
facilitated the loading of negatively-charged CpG ODNs onto the BNNS. BNNS/PEI complexes greatly
improved the cellular uptake efficiency of CpG ODNSs. This further resulted in a enhanced IL-6 and TNF-a
production from PBMCs compared to that of CpG ODNSs directly loaded on BNNS. Most importantly, B
class CpG ODNs loaded on BNNS/PEI complexes induced IFN-a, while neither free CpG ODNs nor CpG
ODNs loaded directly on BNNS had this potential. It is thought that when the class B CpG ODNSs were
loaded onto the positively charged BNNS-PEI complexes, they formed the higher-order multimeric structure
similar to class A CpG ODNSs, and acquired the ability to induce the IFN-q.

In chapter 4, chitosan coated BNNS were used as carrier for the delivery of CpG ODNs. BNNS/CS
complexes had positive zeta potential and exhibited a better dispersity and stability in agueous solution than
BNNS due to the CS coating. The BNNS/CS complexes greatly improved the loading capacity and cellular
uptake efficiency of CpG ODNs due to their positive surface charge. The loading capacity of the CpG ODNSs
depend on the molecular weight (MW) of CS, which affected the positive charge density on the surface of
BNNS. CpG ODNs loaded on BNNS/CS complexes significantly enhanced the 1L-6 and TNF-a productions
from PBMCs compared to that of CS/CpG ODNs complexes and CpG ODNSs directly loaded on BNNS. We
also found that molecular weight of the CS used for BNNS coating affected the cytokines induction through

varying the strength of the condensation of the CpG ODNs. Surprisingly, different from PEI-functionalized
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BNNS, CpG ODNs loaded on BNNS/CS could not induce IFN-a production from PBMCs. We also found
that CS had a suppressive effect on TLR 9 mediated IFN-a induction. However, the mechanism remains
unclear and further investigation is under way.

In conclusion, we have successfully developed several delivery systems for CpG ODNs based on BNNS,
These delivery systems improved the loading capacity and cellular uptake of CpG ODNSs, and are proved to
be effective in enhancing the immunostimulatory effect of CpG ODNs. We also found that CS had a
suppressive effect on TLR 9 mediated IFN-a induction. However, the mechanism remains unknown. Future
work will be focused on the mechanisms of this effect and its possible therapeutic applications in

immunological disorder diseases.
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