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ABSTRACT 

DNA is used as the template for genetic information in all pathogen types 

sensed by the innate immune system– viruses, bacteria, fungi, and parasites – making 

it a critical signal of infection. Toll-like receptor 9 (TLR9) recognizes DNA encoding 

unmethylated CpG motifs and upon activation, promotes signaling through NF-κΒ in 

B-cells or plasmacytoid dendritic cells (pDC) for the generation of adaptive immunity 

or IRF3/7 in pDC for antiviral responses. TLR9 is an integral part of innate response 

for many major pathogens including M. tuberculosis, T. cruzi, P. falciparum, and 

Herpes simplex, underscoring the importance of discerning the biological function of 

this receptor. Oligodeoxynucleotides (ODN) containing unmethylated CpG 

dinucleotide motifs are currently being investigated for use as vaccine adjuvants 

through promotion of type I immunity. Several classes of ODN have been developed 

which differ in their propensity to aggregate, which in turn, alter cytokine profiles and 

immune cell subsets activated. Although aggregation state is correlated with the 

change in cytokine response, subcellular location and other factors, it is not clear how 

differences in spatial presentation lead to this divergent immune response. 

Here, we examined the role of ligand valency on the activation of TLR9 

through the synthesis of ODN-poly(acrylic acid) (PAA) conjugates. The composition 

and size of the conjugates were characterized by UV-Vis spectroscopy, 1H NMR, gel 

permeation chromatography, and dynamic light scattering. ELISA-based assays of 

cytokine secretion by murine-like macrophages indicate that these ODN-PAA polymer 

conjugates show enhanced immunostimulation at 100-fold lower concentrations than 
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those required for ODN alone, for both TNF-α and IL-6 release, and are more potent 

than any other previously reported multivalent ODN constructs. Increasing valency 

was shown to significantly enhance cytokine expression, particularly for IL-6.  

Knockdown by siRNA demonstrates that these polymer conjugates are specific to 

TLR9.  

To further define the role of ligand number and density, we directly labeled 

ODN-PAA conjugates with the fluorophore Alexa 647. The compositions of the 

labeled ODN-PAA conjugates were characterized by UV-Vis spectroscopy using this 

internal Alexa 647 standard. ELISA-based assays for TNF-α, IL-6 and IL-10 

demonstrate an ODN valency dependent increase in cytokine output. IL-6 expression 

is shown to require a critical valency, suggesting localized engagement of multiple 

TLR9 dimers results in a functionally higher inflammatory response. The observed 

increase in IL-10 with increasing ODN functionality was shown to correlate with 

intracellular ODN concentration (flow cytometry) indicating high valency conjugates 

were more efficient delivery vehicles.  However, ODN spatial density was found to be 

directly proportional to observed IL-10 expression across all conjugates assayed 

regardless of scaffold. TNF-α expression is influenced by scaffold molecular weight 

and ODN presentation density. Low molecular weight scaffolds demonstrate 

increasing expression with increasing valency while higher molecular weight scaffolds 

show highest expression at low density and valency. This divergent cytokine response 

was examined with respect to endocytosis (time dependence and inhibition) and 
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subcellular localization. Cellular internalization is shown to be a clathrin-mediated 

process blocked by monodansylcadaverine. Subcellular localization indicated rapid 

conjugate endocytosis with enhanced accumulation in LAMP-1 staining compartments 

compared to labeled ODN or scaffold. Our results define valency and density as 

critical design parameters and polymer conjugation as a potentially advantageous 

strategy for ODN immunomodulatory agents. 

Under pathological conditions, activation of the innate immune system by 

‘self’-DNA has been definitively linked to autoimmune diseases including systemic 

lupus erythematosus (SLE), rheumatoid arthritis (RA), psoriasis, and heart disease. 

Innate antagonists are thus currently in development for these diseases in addition to 

sepsis and pathological inflammation. Many autoimmune disorders, such as Systemic 

Lupus Erythematosus (SLE) and psoriasis, are now correlated with improper nucleic 

acid recognition by TLR9. Current TLR9 ODN therapies in development rely upon 

phosphorothioate-based derivatives to increase serum half-life and enhance 

intracellular delivery; however, safety concerns warrant the development of 

alternatives. Oligodeoxynucleotide (ODN)-Poly(acrylic acid)(PAA) conjugates were 

synthesized via Michael-type addition and characterized by 1H nuclear magnetic 

resonance and UV-Vis spectroscopy. Conjugate alteration of ODN antagonism was 

characterized by in vitro dose response curves in RAW264.7 cells. Here, our results 

demonstrate polymer conjugation of an antagonistic phosphodiester-based 

oligodeoxyribonucleic (ODN) sequence (4380) enhances exo- and endonuclease 

resistance in addition to intracellular delivery with a ~15X reduction in IC50 values, 

similar to the phosphorothioate-based derivative. Additionally, intracellular delivery 

and activity are influenced by valency with the most efficient conjugate showing IC50 
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values roughly 2-fold lower than the corresponding phosphorothioate sequence. These 

results suggest antagonistic ODN-polymer conjugates as a potential strategy for 

autoimmune disease therapy.  
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Chapter 1 

INTRODUCTION 

 

1.1 Innate Recognition of Nucleic Acids 

The innate immune system is critical in early response to pathogens as well as 

the progression to effective adaptive immune response(1), and approaches to control 

innate responses thus have significance in the development of vaccines and in the 

treatment of autoimmune diseases. Pathogens such as viruses, bacteria, fungi, and 

parasites all have non-endogenous chemical structures called pathogen associated 

molecular patterns (PAMPs) that are recognized by pattern recognition receptors 

(PRR).(2) Sensing of pathogens by PRRs allows accurate identification and also 

promotes proper processing and presentation of antigen;(3) for these reasons, PRR 

ligands are currently in phase I, II and II clinical trials for numerous vaccines 

including influenza, hepatitis B/C, and cancer.(4) Nucleic acid sensing PRRs are a 

special group that plays an important role in pathogen recognition but under stringent 

regulation to not respond to endogenous DNA and RNA.(5, 6)  The breakdown of 

PRR regulation has been correlated with many autoimmune diseases.(7) This 

introduction highlights the nucleic acid sensing receptor Toll-like receptor 9 (TLR9) 

and the birfurcated response observed with the alteration of aggregation state in 
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unmethylated CpG dinucleotide containing DNA. Additionally, methods and 

examples of receptor clustering and signaling are briefly reviewed. 

1.1.1 Nucleic Acid Receptors 

 

Nucleic acid recognition is central to innate immune response as all pathogens 

use nucleic acids to encode or transcribe their genes.  Fungal pathogens, bacteria and 

DNA-based viruses are recognized through TLR9 and other putative or unidentified 

cytosolic receptors.(8-10) Nucleic acid recognition is tightly controlled to limit 

identification of endogenous sources.  There are an increasing number of intracellular 

receptors capable of sensing DNA, RNA, or cyclic dinucleotides with specific 

signatures characteristic of bacterial or viral infection. These include RIG-I, MDA5, 

AIM2, RNA Polymerase III, STING, and a host of other putative receptors.(10) The 

nucleic acid sensing Toll-like receptors (TLRs), TLR3, 7, 8, 9, and 13 (mice) are all 

endosomally localized to only recognize endocytosed material.(10) They also 

recognize unique motifs that help to restrict recognition of self-nucleic acids(7), which 

will be described below. Figure 1.1 schematically depicts the location, ligand, 

signaling pathways, and downstream transcriptionally-activated gene products for all 

of the known nucleic acid receptors.(5) 
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1.1.1.1  Intracellular Receptors 

 

Replicating pathogens that gain entrance to the cytoplasm, and are 

subsequently detected, synthesize nucleic acids with unique molecular characteristics. 

A growing number of characterized intracellular receptors have been identified that 

function as PRRs against these intracellular pathogens.  The first receptors 

characterized are the DExD/H box (RNA binding motif) helicase family containing 

RIG-I, MDA5, and LGP2, recognizing single-stranded and double-stranded RNA 

respectively, and leading to the production of both type I interferons (IFN) and 

proinflammatory cytokines.(10) Cytosolic DNA recognition receptors or mediators 

also exist. RNA polymerase III converts dsDNA to dsRNA, which is then recognized 

by RIG-I.(10) The DExD/H box helicase DDX41 binds DNA and knockdown shows a 

role in IFN production to cytoplasmic DNA.(10) There are also secondary messengers, 

cyclic dinucleotides (CDNs), which are produced in response to DNA binding by 

proteins including cGAMP synthase.(11, 12)  CDNs are recognized by both the 

stimulator of interferon genes (STING) and DDX41, with both leading to IFN 

production.(10) Additional uncharacterized receptors are still thought to exist, and the 

interplay between these described receptors, and others, must still be determined. 
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Figure 1.1 Nucleic acid sensing by pattern recognition receptors (PRRs) in distinct 
cellular compartments.The four Toll-like receptor (TLR) family members 
TLR3, TLR7/8, and TLR9 are located in the endosome leading to 
activation of TIR domain-containing adaptor inducing IFN-b (TRIF)- or 
myeloid differentiation factor-88 (MyD88)-dependent pathways and the 
upregulation of type I IFNs, inflammatory cytokines, and chemokines via 
IFN regulatory factor (IRF) and nuclear factor κB (NF-κB) transcription 
factors. Cytosolic RNA detection is mediated by retinoic acid-inducible 
gene I (RIG-I)- like receptors (RLRs), i.e., RIG-I and melanoma 
differentiation-associated gene 5 (MDA5), that subsequently signal via 
mitochondrial antiviral signaling (MAVS) adaptor. Upstream candidate 
DNA receptors include DEAD box protein 41 (DDX41) and the absent in 
melanoma 2 (AIM2)-like receptor (ALR) family member IFI16.  
Furthermore, the ALRs AIM2 and IFI16 trigger the formation of an 
inflammasome following detection of cytosolic DNA, respectively to 
induce processing of the inflammatory cytokines IL-1b and IL-18.(5) 
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1.1.1.2  Endosomal Partitioned Receptors 

 

The endosomal nucleic acid receptors all belong to the TLR family of PRRs. 

TLR receptors belong to the solenoid-shaped leucine-rich repeat (LRR) group of 

receptors; they are type-I integral membrane proteins that exist as preformed dimers, 

which when bound to their respective ligands, undergo allosteric conformational 

changes.(13, 14) TLR3, 7, 8, and 9’s endosomal location requires all ligands to be 

endocytosed from the extracellular space (Figure 1.1).(15) TLR3 binds double 

stranded RNA, a replication intermediate for RNA viruses, and is commonly activated 

in vitro by poly(I:C).(5) TLR7 and 8 recognize virus-derived single stranded RNA and 

are pharmacologically activated by small molecule nucleoside derivative agonists.(5) 

The final human TLR, TLR9, recognizes unmethylated cytosine-guanine motifs in 

DNA or synthetic oligodeoxyribonucleic acids (ODN).(16, 17) This motif is more 

common in bacterial or viral-derived DNA where epigenetic methylation of cytosine 

does not occur, and is one of the layers of TLR9 regulation.(7) TLR recognition of 

nucleic acids is most effective for specific molecular signatures; there are instances 

where this specificity breaks down. 

Nucleic acid sensing TLR, have layers of regulation to limit inappropriate 

recognition, in addition to molecular specificity, which include the requirement for 

endocytosis of extracellular material and proteolytic processing events.(7) All TLRs 

have similar sequence and structure, belonging to the leucine-rich repeat (LRR) family 

of solenoid shaped receptors.(9, 13) The proteolytic processing of nucleic acid sensing 

TLRs by cathepsins(18, 19), was first identified in TLR9. Receptor processing was 
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then extended to TLR3, 7, and 8 with the hypothesis that proteolytic processing is 

another control step to limit improper recognition of endogenous nucleic acids.(20-22)   

TLR3 and 8 have both had crystal structures determined(22-24) , however, earlier 

interpretations of the TLR3 structure, including the uncleaved receptor, bound to 

dsRNA, are now in doubt. The TLR8 structure is cleaved, but shows the membrane 

bound C-terminal segment still in association with the cleaved portion of the 

receptor.(22) Recently, the N-terminal cleavage product of TLR9 was shown to be 

critical for TLR-dependent cytokine expression(25), further supporting the necessity 

of cleavage and association of this cleavage product for nucleic acid sensing.  

 

1.1.2 Role of DNA Sensing in Adaptive Immunity 

 

The enhancement in presentation of antigen and the adaptive generation of 

specific clonal populations of B and T cells is one of the main functions of the innate 

immune system. All PRR ligands serve as early markers of infection and have 

potential use as adjuvants to promote potent and lasting immunological response and 

memory.(4) Nucleic acids are not the most potent PRR ligands(26), but the relative 

ease of synthesis and low cost make them ideal candidates as adjuvants.(6) Maurer et 

al first showed CpG antigen conjugates are efficiently endocytosed and promote 

cellular stimulation.(27) Exposure of immune cells to DNA with CpG motifs 

stimulates a potent T helper 1 (TH1) inflammatory response(16), which is beneficial for 

activation of CD4+ T cells(28) and allergic immunotherapy.(29) CpG ODN have been 

covalently attached to antigens as diverse as major short ragweed allergen Amb a 
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1(29), E. coli ß-galactosidase(29), HIV envelope glycoprotein gp120(30),  and 

ovalbulmin (OVA).(27, 31-33)  The physical conjugation of antigen to CpG-

containing DNA enhances uptake, elicits potent cytokine release, and promotes 

antibody production.(34) The enhanced endocytosis of these antigen-CpG-DNA 

conjugates is independent of TLR9.  However, TLR9 is responsible for the maturation 

of the antigen presenting cell and productive T cell activation.(35) Current efforts to 

improve vaccine response also include the activation of plasmacytoid dendritic cells 

(pDC) by nucleic acid adjuvants for potent type I interferon production.(34) More 

selective and efficient stimulation of the TH1 response yields better immunological 

activation and memory, and therefore, appropriate response and protection. 

 

1.1.3 Accessory Molecules of Toll-like Receptor 9 

 

An ever increasing number of proteins have been identified as possible 

accessory proteins or receptors involved in TLR9 DNA recognition and activation.(36-

38) A general theme of all the currently identified proteins and receptors are their 

already identified role in immunological function. Further efforts to characterize the 

structure, ligand binding, and role of accessory molecules in ligand recognition for all 

nucleic acid sensing TLRs has been complicated by the dynamic cellular transport of 

both TLR and ligand, as well the multiple roles and activities already identified for 

most of these proteins.(39) These efforts, however, will be critical to clarify the 

complexities of innate nucleic acid signaling.  
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Proteins involved in the regulation of TLR9 trafficking and processing include 

the heat shock proteins (Hsp) GP96 and Hsp90, and Unc93b1.  Heat shock protein 

gp96, a paralogue of Hsp90, provides conformational stability and protection from 

degradation in endosomes.(40) The association of gp96 was further shown to rely 

upon another accessory molecule, CNPY3, and the ternary complex formation was 

sensitive to ATP.(41) Hsp90 binds both CpG A-type ODN and endogenous DNA, 

promoting endocytosis and localization with static early endosomes.  This localization 

promotes IFN-α release by plasmacytoid dendritic cells.(42) Unc93b1 is an 

endoplasmic reticulum (ER)-associated transmembrane protein, which regulates the 

intracellular trafficking of nucleic acid sensing TLRs from the ER to endolysosomes. 

It not only biases dendritic cells (DC) from RNA to DNA(43), but also associates with 

the protein AP3 to regulate trafficking to lysosome-related organelles required for the 

DC production of type I interferons (IFN).(44) 

Several proteins have been implicated in the binding, endocytosis, and 

recognition of CpG DNA or ODNs, including CXCL10, Complement C3A, Granulin, 

CD14, Raftlin and the mannose receptor. The scavenger receptor CXCL10 aids in the 

endocytosis of CpG A type ODN and is hypothesized to be partly responsible for the 

selective recognition of this ODN type by pDC.(45) Complement C3a has also been 

shown to promote IFN production by pDC through a ternary complex with the 

receptor for advanced glycation end products (RAGE), and CpG A ODN.(46) 

Granulin, a secreted and soluble cysteine-rich protein directly binds to all ODN types 

and promotes their delivery to endolysosomal compartments(47), hypothesized to be 

the site of TLR9-mediated production of proinflammatory cytokines.(48)The last of 
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this group, CD14, was already identified as a co-receptor for TLR4.(49) CD14 was 

first identified as a co-receptor for TLR3 by binding double stranded RNA 

(dsRNA).(50) This finding was then extended to TLR9 showing that CD14 aids in the 

endocytosis of nucleic acids and aids in the production of proinflammatory 

cytokines.(51) Through CD14, the cytoplasmic lipid raft protein Raftlin functions as a 

required protein for endocytosis of both dsRNA and ssDNA.(52, 53) Finally, the 

mannose receptor was recently identified and as being responsible for the hyper 

responsiveness of common laboratory strains of mice to ODN and further 

investigation will be required to demonstrate this receptors importance in humans.(54) 

TLR9 intracellular signaling is promoted by Viperin, major histocompatibility 

complex (MHC) class II, and the Bruton’s Tyrosine Kinase (BTK); the core signaling 

proteins and adapters of TLR9 will be covered in section 1.1.4. Viperin is a 

cytoplasmic protein with induced expression after pDC activation by TLR7 or 

TLR9.(55) Viperin interacts with both the Interleukin-1 receptor-associated kinase 1 

(IRAK1) and the TNF receptor-associated factor-6 (TRAF6) to promote the K63-

linked ubiquitination of IRAK1, promoting the transcription factor IRF7 for IFN 

production. BTK has recently shown two important activities to promote adaptive 

immune response.  BTK kinase interacts with MHC class II molecules through the co-

stimulatory molecule CD40 in conjunction with the TLR signaling adapters myeloid 

differentiation primary response gene-88 (MyD88) and the TIR-domain-containing 

adapter-inducing interferon-ß (TRIF) to promote proinflammatory cytokine 

production.(56) As discussed in section 1.1.1.2, a common protease activation strategy 

in compartments where there is simultaneous antigen processing is an effective way to 
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link exogenous nucleic acid recognition to antigen presentation. In fact, several studies 

suggest that antigen loading is more efficient in the context of a TLR ligand.(57-60) 

BTK is also essential for co-localization of the B cell receptor (BCR) and TLR9; co-

localization of these two receptors synergizes BCR signaling.(61) 

Suppression of CpG DNA recognition is also accomplished through several 

proteins including human serum amyloid P (hSAP), serum mannan-binding protein 

(MBP), and the CD24/ siglec-10 axis.  hSAP sequesters serum DNA and prevents 

binding by both high mobility box group 1 (HMGB1) and LL37, (discussed below) 

preventing immune recognition.(62) MBP, a C-type lectin, binds extracellular DNA 

from many sources and promotes clearance by phagocytosis to limit immune 

recognition.(63) CD24 binds to several promoters of TLR9 activation including 

HMGB1 and Hsp90.(64) This association blocks immune activation and the additional 

involvement of Siglec-10 helps to prevent nuclear factor κB (NF-κB) activation. 

A few accessory proteins function in the context of physiological as well as 

pathological processes such as autoimmune disease progression. HMBG1 has been 

identified as having several functions related to DNA-protein interactions.(65)  It is 

exported to the cytoplasm and excreted by immune cells stimulated with IFN-γ, IL-1, 

and TNF-α.  HMBG1 interacts with CpG ODN internalized by macrophages and 

enhances their immune activating potential through TLR9.  TLR9 and HMBG-1 

associate and redistribute to EEA1 and LAMP-1 endosomes concurrently after ODN 

stimulation.  Deficiencies of HMBG1 delay the redistribution of TLR9 to early 

endosomes to 30 minutes after stimulation and increase the effective concentration 

necessary for cytokine release. From these findings it is thought HMGB1 aids in the 
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recognition and or response to DNA through a mechanism dependent upon TLR9 

association. 

Another player in the recognition of nucleic acid is the receptor for advanced 

glycation end-products (RAGE).(66) RAGE recognizes a number of immunologically 

relevant ligands including HMGB1, Mac-1 and S100. A common attribute of all 

RAGE ligands is their ability to form multivalent structures.  RAGE is hypothesized to 

form a hexameric receptor array that would preferentially bind larger multivalent 

ligands such as the interaction of DNA with HMBG1.  Receptor ligation stimulates 

signaling through NF-κB and upregulates genes linked to inflammation. There may be 

a delicate balance in the recognition of RAGE ligands.  In acute release, RAGE 

ligands remain monomeric and stimulate normal inflammatory response with healing. 

With chronic release, more multivalent forms of RAGE ligands may be present that 

stimulate strong inflammatory responses.  

The binding of extra cellular DNA by HMBG1, interaction and internalization 

through RAGE, and activation of TLR9 may play an essential part in the improper 

activation of auto-reactive B cells in some autoimmune diseases. Tian et al showed 

that HMBG1 enhanced CpG-A DNA interaction with TLR.(67) Through 

immunoprecipitation experiments they showed RAGE interacted with TLR9 through 

HMBG1 complexed with DNA.  HMBG1 promoted interaction of RAGE with TLR9 

and enhanced IFN-α and TNF production.  An interesting finding was CpG-B DNA 

did not bind to HMBG1 and some random DNA sequences indicating discretionary 

binding of DNA.  They also determined that HMBG1 was present in chromatin 

immune complexes recognized by AM14 mice and HMBG1 was needed for the 
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interaction of the immune complexes and B cells.  This shows a possible link between 

HMBG1 interaction with DNA containing immune complexes and pathological 

activation of TLR9, which promotes B cell proliferation, a key event in autoimmune 

disease. 

A small (~4.5 kD), cationic, antimicrobial protein named LL37 was found to be 

a potent inducer of pDC IFN release and activation.  The serum of psoriasis patients 

was examined for expressed proteins or factors that activate pDC’s and cause 

production of IFN.(68) Psoriatic patients show highly elevated expression of LL37 

with average epidermal tissue concentrations of 300 µM.  Due to its cationic nature, 

LL37 was investigated for DNA interaction.  LL37 induced condensation of DNA by 

size-exclusion chromatography and AFM.  Human genomic DNA was not internalized 

by pDC’s, however, DNA-protein complex internalization shows a dependence on 

LL37.  The expression of cytokines was dependent upon TLR9 and the maturation of 

early endosomal compartments.  Interestingly, these complexes were retained in early 

endosomal compartments, as was demonstrated for large DNA aggregates.  LL37 is 

also highly upregulated in patients with lupus and is required for the FcγRIIa 

internalization of antibody-DNA complexes.(8) Preferential localization to the early 

endosomes would stimulate IFN-α production under the current model of TLR9 

localization and activation, described in the next section, and required for promotion 

of autoimmune disease. 
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1.1.4 Physiological Response of Toll-like Receptor 9 

 

TLR9, a transmembrane protein, is predominantly expressed within pDCs, B-

cells, and neutrophils in humans.(69, 70) and belongs to the subgroup endosomal 

TLRs including 3, 7, 8, and 9 that share very similar sequence;(71) mice additionally 

express TLR9 in macrophages.(15) TLR9 activation involves a conformational 

alteration of receptor dimerization to assemble a signaling scaffold.(72) All TLRs 

have a cytoplasmic Toll-Il-1 receptor resistance (TIR) domain that recruits the 

MYD88 signaling scaffold complex.(73) The TLR9 signaling scaffold is comprised of 

the multi domain proteins MyD88, IRAK1 and 4, TRAF6, and TAK1.(74) The TIR 

domains of TLR9 and MyD88 associate and recruit IRAK 1 and 4 through MyD88-

IRAK Death Domain (DD) interactions. Several ubiquitylation and phosphorylation 

events take place to recruit TRAF6.  TRAF6 E3 ubiquitin ligase activity to form 

Lys63-linked polyubiquitin chains promotes the activation of TAK1, leading to the 

activation of p38 MAPK and Janus kinases, as well as NEMO ubiquitination for NF-

κβ activation. The outcome is cytokine expression and an inflammatory response.(74, 

75) 

Three TLR crystal structures have been solved to date however, no structure has 

yet been determined for TLR9. The TLR3 structure, the first solved(23, 24, 76) 

exhibits an inner diameter of 42 Å, an outer diameter of 90 Å, and a thickness of 35 Å. 

The model, based on the crystal structure packing, is two solenoids which interact on 

their unglycosylated sides. The C-terminal end are directed away from one another 

and the N-terminal portions of the domain interact to bring the cytosolic TIR domains 
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(not seen in crystal structure) in close proximity making an “M” shaped dimer. It is 

this dimer and the specific interaction of the TIR domains that recruits the adapter 

proteins MyD88 (TLR9) or TRIF (TLR3) for intracellular signaling.(77) 

The crystal structure of TLR3 was crystallized without a ligand, lacking 

structural information on activation.  A detailed model has been put forth by Pirher et 

al(76) using the crystal data and known helical geometries of nucleic acids and they 

hypothesized that RNA would interact with the inner faces of the dimer and be parallel 

along the long axis.  FRET and GFP reconstitution were used by Latz et al(72) to 

study the binding dynamics of TLR9 in endosomes.  TLR9 appears to exist as a 

preformed dimer that upon binding of stimulatory DNA, changes conformation with 

closer association of the two solenoids.  Work with other TLRs also suggests that the 

two solenoids exist as a pre-formed dimer and that signaling must involve structural 

changes with tighter association of the cytosolic TIR domains. TLR9 and all TLRs 

belong to the leucine-rich repeat family of proteins with significant sequence 

homology. Therefore, TLR9 should have a similar structure to TLR3 allowing 

prediction of how many receptors could be colocalized within a given surface area. 

The TLR8 structure was recently determined, largely agreeing with the TLR3 

structures discussed above, and this structure is shown in Figure 1.2.(22) The TLR8 

structure is in complex with the small molecule agonist CL097. Importantly, the 

cathepsin and furin cleavage event(20, 25, 78), now known to be necessary for 

activation, has occurred in this structure and shows both N- and C-terminal TLR8 

fragments in association with each other in complex with the small molecule agonist. 

This structural information, although not of TLR9, minimally gives us a rough 
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estimation of the total number of TLR9 dimers which could be simultaneously 

engaged by a conjugate of known size.  

The importance of supramolecular structure in the recognition and signal 

transduction of innate signals, is suggested by the role of the myeloid differentiation 

primary response protein 88 (MyD88),(75) in forming the MyD88-containing 

oligomeric signaling platform termed the MyD88some.  Formation of the 

MyD88some, which leads to proinflammatory cytokine expression, begins with a 

conformational change in TLR dimers upon engagement of an innate ligand;(79) 

knock-out of MyD88 prevents activation of NF-κβ (necessary for cytokine expression) 

for multiple TLRs (including TLR9), while over expression of this protein leads to 

constitutive activation of NF-κβ.(75) The crystal structure of a TLR dimer/MyD88 

complex demonstrates a specific MyD88:IRAK-4 (IL-1 receptor-associated kinase 4, 

involved in the signaling cascade) stoichiometric relationship of 7:4 and 8:4; it is 

hypothesized that these alternate stoichiometries relate to variable TLR 

supramolecular assemblies composing several activated dimers, which data presented 

in this thesis supports. In fact, cooperative TLR recognition has been demonstrated for 

N. meningitides (TLR2, TLR4, TLR9), B. burgdorferi (TLR2, TLR5, TLR9),(8) and 

C. neoformans (Mannose receptor, TLR2, TLR3, TLR9),(80) and is suggested to be 

critical for adequate response to M. tuberculosis and herpes simplex (TLR2 and 

TLR9).(81, 82) 
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Figure 1.2 Structures of human TLR8. (A) Schematic representation of the domain 

organization of extracellular regions of TLR8 (hTLR8). (B) Monomer 
structure of the hTLR8-CL097 complex showing both lateral and convex 
face from N-terminal side. (C) Ligand induced state. (D) TLR8 and its 
dimerization partner TLR8* (green and cyan). CL097 molecules in 
activated dimer are illustrated by space filling representations.(22)  
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1.1.4.1 Toll-like Receptor 9 Ligand Specificities 

 

ODN secondary structure and aggregation can alter TLR9 activation. There are 

now 4 classes of stimulatory ODN with differing propensities to aggregate.(83) The 

aggregation state alters the cellular response to CpG DNA with highly aggregated 

ODN, DNA condensed by immunomodulatory proteins, or DNA delivered with 

positively charge lipids or polymers inducing pDC to express high type I IFN.(68, 84-

86) Stimulation with non-aggregating CpG DNA promotes expression of cytokines 

through the activation of NF-κß.(16, 83) To discern the molecular mechanism 

regulating differential cytokine release by stimulatory ODN, several novel approaches 

have been attempted to display DNA in an aggregated state. Protamine, a positively-

charged peptide, was used to condense negatively charged CpG-ODN into protamine-

DNA complexes.(87) Stimulation of IFN-α was as much as 20-fold greater without an 

apparent increase of internalization. Shimada et al used the polysaccharide 

schizophyllan to complex natural phosphodiester backbone ODN in an attempt to 

prevent enzymatic degradation by nucleases.(88) They isolated lengths of 

schizophyllan which could potentially complex 2, 11, or 200 CpG ODN; the nature of 

the complexes formed was not determined but did increase inflammatory response.   

The effect of length on nucleic acid internalization to endosomal compartments 

and recognition well is defined. Roberts et al showed bacterial DNA is highly 

stimulatory to macrophages than shorter PD-ODN.(89) The importance of TLR9 

receptor colocalization is suggested by oligonucleotide length influencing endocytosis 
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and activation of TLR9.  In studies in which DNA concentration was normalized for 

the total number of bases, a minimal length of 22 bp was necessary to induce NO 

production and a 14 bp ODN showed no stimulatory activity.  NO production 

increased upon exposure to a 44 bp ODN and was maximized upon exposure to a 

250bp ODN. To distinguish the role of ODN length and CpG motif density, a 40 bp 

ODN containing two CG motifs demonstrated enhanced activity greater than any one 

motif alone at low concentrations.  This was true where multivalent interactions would 

predominate at lower, but not higher, concentrations where monovalent interactions 

would be more prevalent. This and the preference for greater numbers of CpG motifs, 

suggests enhancements in recognition and or signaling through receptor clustering 

effects.  

The use of either phospodiester (PD) backbone or phosphorothioate (PS) 

backbone ODN has significant effects on TLR9 binding and activation.(83, 90) Even 

before unmethylated CpG dinucleotides were identified as the TLR9 ligand, bacterial 

DNA was known as a potent stimulator of immune response. Vertebrate DNA 

contains fewer CpG motifs than bacterial DNA and are often methylated.(16) To 

improve the nuclease resistance of ODN, PS backbone linkages are employed. The 

chemically altered backbone confers resistance against nucleases that are ubiquitously 

present in the cellular environment and would enzymatically degrade free DNA. 

While determining the mechanism of B cell proliferation and Ig secretion by the 

combined stimulation of CpG ODN and antigen, Wang et al found all types of DNA 

were capable of this synergistic effect, including phosphodiester based and non-CpG 

DNA.(91) A series of experiments determined the CpG motif requirement was only 
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for PS-DNA and was not true for natural PD-DNA, when complexed with 

DOTAP.(92) Forcing the endosomal translocation of non-CpG PD DNA by DOTAP, 

a cationic lipid transfection reagent, induced TLR9 stimulation.  However, CpG motifs 

are required for stimulation of dendritic cells by immune complexes.(93) Biacore 

analysis demonstrated TLR9 binds CpG PD-DNA three times greater than non-CpG 

PD-DNA.  This work was furthered by Haas et al., reporting the major determinant of 

TLR9 binding is the 2’ deoxyribose backbone. The addition of random bases to the 

backbone increased the activation of TLR9, even without CpG motifs.(94) PS 

backbone without bases or random bases not containing CpG motifs acts as an 

antagonist to TLR9 activation.  This has implications for the development of TLR9 

inhibitors.  

Specifying the type and sequence of DNA used to activate TLR9 is essential. 

PS ODN’s that are used in most studies termed A- and B-type, although other types 

exist which vary in aggregation potential.(83, 95)  As shown in Table 1, both types 

have regions of PS linkage (upper case) while only A-type has some PD linked (lower 

case) bases.(95) The region directly surrounding the CpG motif impacts TLR9 

activation.  This “species-specific” DNA sequence requirement for the murine TLR9 

has been described as PuPuCGPyPy where Pu=purine and Py=pyrimidine.(83, 96)  

The same group also determined the minimal activation motif for human TLR9 as 

being TCGXX where X can be any nucleotide.  The source of sequence requirements 

is not clear, particularly with recent evidence that TLR9 recognizes DNA by the PD 

backbone and that sequence may play only a small role.  It is perhaps a requirement of 

some accessory molecule or a receptor for endocytosis that imposes this requirement.  
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Table 1.1 Prototypical members of some TLR9-associated ODN classes 

Name Type Sequence 

D19 CpG-A 5’- GGtgcatcgatgcagGGGGG-3’ 

1018 ISS CpG-B 5’- TCGTCGAACGTTCGAGATGAT-3’ 

C274 CpG-C 5’- TCGTCGAACGTTCGAGATGAT-3’ 

2088 INH-ODN 5’-TCC1 TGG2 CGGGG3 AGT-3’ 

Upper case = phosphorothioate and lower case = phosphodiester 

Superscripts refer to specific areas of INH-ODN explained in text in text 

 

TLR9 antagonistic ODN have defined characteristics similar to the agonistic 

described above. TLR9 inhibitors were initially discovered by modifying agonist 

sequences.  PS-ODN with poly(G) sequences could inhibit bacterial DNA-induced 

cytokine expression.(97) Further ODN sequence modifications showed specific 

regions with the ODN to be critical for stimulation or inhibition. Table 1 shows the 

sequence for inhibitory ODN (INH-ODN) 2088 with three regions labeled by 

superscripts 1, 2, and 3 and the corresponding nucleotides underlined.(97)  The 

optimal region 1 sequence for inhibition is CCT and TCC for stimulation.(97, 98) 

Region 2 would be the placement of the CpG motif in a stimulatory ODN.  Flipping of 

the CpG motif to GpC results in a non-stimulatory ODN while an exchange to GpG 

results in an inhibitory motif. The last region is pyrimidines in a stimulatory sequence; 

an exchange to three consecutive guanines promotes inhibition.(97, 98) 
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The aggregation potential CpG PS-DNA prompted the discovery that 

aggregation effects TLR9 activation. It was first noted that CpG-A was retained for 

longer periods in the early endosome in pDC’s.(99)  This long retention is not 

normally present in cDC’s and CpG-A is rapidly transferred to LAMP-1 positive late 

endosomal compartments in these cells.  Complexing CpG-A with the cationic lipid 

DOTAP localized CpG-A in cDC to the early endosomes and induced strong IFN 

production.  CpG-B, which normally localizes to LAMP-1 staining late endosomes 

and does not induce IFN(100), can induce IFN when directed to early endosomes by 

DOTAP. Kerkmann et al. showed the strand-end poly(G) motifs of CpG A form 

tertiary structures resistant to denaturation through G-tetrads.(85)  AFM showed that 

these structures were either globular and ~50x10 nm or more longitudinal and ~100x3 

nm.  Abolishing the ability to form the tetrads through substitution of the guanosines 

with 7’-deazaguanosine resulted in a nonstimulatory ODN.  Polystyrene beads coated 

with the cationic initiator AIBI were used to adsorb CpG-B and the nonstimulatory 

CpG-A deaza to form ~180 nm structures.  Both ODN became stimulatory when 

delivered as nano-particles showing a 300x increase in IFN production.  Differences in 

internalization did not account for the increase in IFN production and both colocalized 

to early endosomes.  

 

Other attempts to explain how structure impacts IFN expression used structures 

such as PMXB nanoparticles with sizes from 100 to 500 nm and Ficoll-CpG-B 

conjugates with diameters of approximately 20 nm complexed with CpG C PS-

ODN(96, 100) All monodisperse PS-ODN localized to LAMP-1 late endosomes. This 
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correlates with the maturation of pDCs and the induction of cytokines like IL-6 

through the MyD88-IF5 pathway.  PS-ODN that formed larger structures were 

preferentially located in Transferrin staining early endosomes and stimulated IFN 

production through the MyD88-IRF7 pathway.  CpG-C has the ability to both promote 

maturation and IFN production.  Low pH -degradable liposomes were used to release 

ODN in only late endosomes.  ODN delivered this way only promoted maturation 

with no IFN-α observed.  The interpretation is the localization of the ODN causes 

maturation or cytokine release and that particle size enforces localization. They were 

not able, however, to determine whether promoting TLR9 clustering by a locally high 

concentration of ligand on a particulate carrier influences cellular activation. Any 

ODN, including non-CpG ODN, when complexed with DOTAP will localize to early 

endosomes and promote IFN expression. Interesting avenues of inquiry include 

whether ODN localization is regulated simply by particle size or through particulate 

induced receptor interactions. The greater stimulatory effect of longer ODN 

sequences, and much larger plasmid DNA, would suggest receptor effects play more 

of a role than size.  

 

  1.1.4.2 Current TLR9 Agonist Therapies in Development 

 

CpG ODN are being investigated for use as both adjuvants for pathogen and 

anti-cancer vaccines as well as immunomodulatory agents in allergic response for their 

biased induction of TH1 responses in the young and old.(101) The most clinically 

advanced CpG ODN therapy to date is a vaccine against Hepatitis B virus (HBV) 
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currently in phase III trials.(4, 102) This vaccine HEPLISAV®, developed by 

Dynavax, demonstrates faster protection with fewer doses(4); ideal properties to have 

greater patient compliance and reduced cost.(103) Dynavax and Idera Pharmaceuticals 

are currently evaluating CpG ODN currently in phase I trials for Hepatitis C virus 

(HCV) vaccination.(4) Also from Idera is a TLR9 agonist for cancer vaccination.(4) 

All of these applications use CpG ODN agonists to induce an effective adaptive 

immune response. 

CpG ODN are also being evaluated as immunomodulators of the allergic 

response. TLR agonists strongly skew immune response to TH1 type and CpG ODN 

conjugates with antigen were shown to be particularly effective in a murine asthma 

model to reduce allergenicity.(32) This finding was extended to a ragweed antigen 

conjugate.(29) There are several CpG ODN-based allergy therapies currently under 

investigation in Phase I and preclinical studies from Idera, Sanofi Aventis/ Coley 

Pharmaceuticals, and Astra Zeneca.(4) A TLR9 agonist from InDex Pharmaceuticals 

is being evaluated to treat ulcerative colitis by balancing the local inflammatory 

response. As these initial therapies are approved for use, CpG ODN will increase in 

use with their favorable stimulatory properties and ease of manufacture, therefore it is 

critical to determine how innate ligands induce an inflammatory response. 

 

1.1.5 Pathological Response of Toll-like Receptor 9 

 

How nucleic acids are distinguished from endogenous RNA and DNA is a 

critical question. Recognition of pathogen-associated nucleic acids is controlled by a 
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number of factors including: the localization of receptors, accessory proteins used for 

recognition, and the specific molecular and spatial recognition of nucleic acid 

chemical structure.(104, 105)  Despite all of the safeguards in place to distinguish 

endogenous from exogenous nucleic acid, there are malfunctions of the system which 

result in the development of autoimmune disease.(104, 106, 107) Evidence now points 

to improper recognition of self nucleic acids as the source of many autoimmune 

disorders more prevalent in our aging society.(108, 109) 

 

  1.1.5.1 Autoimmunity 

 

The link of nucleic acid recognition and autoimmune disorders can also offer 

some insight into the role of secondary and tertiary structure in this process. 

Autoimmune diseases are often associated with antibodies to DNA, RNA, or to DNA 

and RNA protein complexes.(104, 107, 110) Nucleo- or ribonucleo-protein complexes 

offer nuclease resistance and a structurally rich presentation of nucleic acid.  

Autoimmune diseases such as systemic lupus erythematosus (SLE), scleroderma, and 

Sjogren’s syndrome are characterized by the presense of antibodies against U/G rich 

RNA’s complexed with endogenous proteins.(107, 110)  Another hallmark of 

autoimmune disease is high levels of IFNα, of which pDC’s are the predominant 

source, and could be the result of large nucleoprotein complexes or enforced TLR9 

colocalization by dense presentation of nucleic acid.(107, 111, 112) Extensive 

research has linked the recognition of endogenous nucleic acid with the progression of 

SLE, heart disease, psoriasis, Sjogren’s syndrome and rheumatoid arthritis, 
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establishing pathological nucleic acid recognition as an important area of study.(113-

116) 

 

  1.1.5.2 Aging 

 

The reduced response to immunization by aged adults is well 

documented.(117) With aging, there is an increase in the rate of bacterial and viral 

infection, atypical infection due to reduced immune surveillance, and the recurrence of 

latent viral infection.(108, 109) The reduced innate response is likely due to several 

factors including reductions in the numbers of key cell types(108, 118), as well as 

altered cellular environment(119, 120),  and intracellular signaling.(121) Recently, it 

was shown in a murine model that aged response to herpes simplex virus 2 by 

plasmacytoid dendritic cells (pDC) was due to impaired TLR9-dependent IRF7 

signaling.(121) The role of nucleic acid sensing in the reduced immune response of 

the aged is not well understood. 

Aging involves changes in immune function, known as immunosenescence, 

that impacts both innate and adaptive immunity.(108, 109, 112, 122) The implications 

of altered nucleic acid sensing in aging organisms includes improper recognition of 

self nucleic acid in autoimmune disease(108, 112, 122), reduced effectiveness of 

vaccines in the elderly(108, 123), and decreased immune response to infection.(108, 

122) Improved vaccine response in the elderly will require a clear understanding of the 

molecular activation mechanisms of TLR9 and improved adjuvants. This insight could 



 
 
 
 
 
 

26 

also yield specific inhibitors of nucleic acid activation of DC’s, B cells, and 

neutrophils leading to better therapies for autoimmune disease. 

 

  1.1.5.3 Current TLR9 Antagonistic Therapies in Development 

  

Given the known links between autoimmune disease and TLR9 activation, 

TLR9 antagonists are currently in development for conditions such as SLE, 

rheumatoid arthritis, multiple sclerosis, and psoriasis.(4) Idera has TLR9 antagonists 

in Phase I and II trials for the treatment of psoriasis and lupus. Dynavax is currently 

investigating the TLR9 antagonist DV1179 for treatment of SLE.(4) Although these 

antagonists are in development, it is not clear if TLR9 antagonism is beneficial in the 

treatment of lupus; some studies have suggested a protective role for TLR9. TLR7 has 

also been implicated in the progression of autoimmune disease and the production of 

RNA nucleoprotein complexes.(124, 125) TLR7, 8, and 9 can all be inhibited by 

common ssDNA or mixed nucleic acid sequences.(126) For these reasons, TLR9 

antagonists in development for ameliorating auto immune disease are also designed as 

antagonists for TLR7.(4)  

  

1.2 Molecular Scale Investigations of Oligomeric Receptor Assemblies 

Biological processes occur at a multitude of scales.  Tissue organization occurs 

at length scales of 100 µm to several centimeters while individual cells are 

approximately 10 to 100 µm. Protein assemblies like the ribosome are 20 – 25 nm 

while individual proteins are roughly 5 nm. Within these size ranges are undefined 
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supramolecular protein complexes critical for biological function but not observable 

by current microscopy or crystallographic techniques.  

Increasingly, it is clear most biological processes attributed to a known protein 

are not exclusive to the local environment.  Membrane bound protein function and 

activity is often modified by the lipid content of the anchoring membrane.(127-129) 

Extra- or intracellular soluble proteins are often controlled by association with other 

proteins for allosteric control, recruitment of functional partners, or supramolecular 

scaffolds, which add an extra layer of control to biological function.(79, 130-132) In 

vitro assays of purified components are indispensible for determining biological 

activity of biomolecules, but by nature are simplified constructions lacking the 

complexity and possible additional players of cellular or in vivo conditions. This is 

even further complicated by membrane proteins, which must be extracted, often into 

artificial membranes lacking the sophistication of the cellular environment.(133, 134) 

Microscopy is constantly evolving to bridge the gap between the nanometer 

resolution of electron microscopy and the inherent resolution limits of light 

microscopy. Advances in imaging probes and analysis techniques yield higher 

resolution light microscopy(135-137) while more robust methods and computer aided 

image analysis have allowed increased versatility in samples suitable for electron 

microscopy.(138, 139) Super-resolution methods (SRM) have been used the study 

receptor dynamics in systems as diverse as epidermal growth factor receptor 

clustering(140), chemotaxis networks in E. coli(141) and a cardiac signaling 

protein.(142) 
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Spatial orientation of macromolecules can be determined through electron 

microscopy or even x-ray crystallographic structures, but not within the context of the 

dynamic cellular environment.  Well characterized and structurally complex probes 

can be developed which not only report microscopy-based location, but also how 

spatial presentation and orientation impact biological function. Tagged with an 

imaging agent, they show cellular localization, but also engage receptors through 

defined presentations of a biological ligand, providing specificities of how receptor 

clustering or orientation alters function. 

The study and manipulation of innate immune signaling by controlled 

presentation of PRR ligands is of great general importance given evidence suggesting 

the role of supramolecular organization in the identification of PAMPs by a variety of 

TLRs. TLR2, TLR4 and TLR9 have all shown association with lipid microdomains 

known to be important in receptor organization and recruitment of signaling 

proteins.(38, 75) Recent SRM studies have shown the stimulatory potential of LPS is 

correlated to TLR4 receptor density;(143) these results highlight a direct link between 

receptor clustering and cellular response in the TLR family of receptors. It is also been 

demonstrated that ligand length or physical size influences cytokine profiles in TLR3, 

TLR2, and TLR9 signaling.(89, 138, 144) Although both electron microscopy and 

super-resolution microscopy allow study of events on macromolecular scales 

representing oligomeric assemblies (with significant limitations), several factors make 

synthetic multivalent probes particularly well suited for this work.  These probes can 

be well characterized, synthesized to control ligand number, and can function within a 

cellular context to report receptor recognition and cellular activation. 
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1.2.2 Multivalent Probes 

  

Multivalent presentations of biological ligands are often more accurate 

representations of how ligands are encountered. Signaling from larger oligomeric 

assemblies of proteins, either in the context of a membrane or free in the cytosol, 

allow differentiation of errant biding events from proper recognition of valid targets. 

An example is the engagement of the B cell receptor where cellular activation by 

single binding events would likely lead to premature activation and improper 

inflammatory response. Engagement of many receptors helps ensure the B cell 

receptor antigen is present in high amounts and indicative of an infection to which the 

ensuing inflammatory response would be appropriate.(145, 146) 

Multivalent probes can be developed around known biomacromolecular 

structures such as viral capsids(147), DNA origami (148), or antibody-based 

structures.(149) They can also be developed around well-characterized polymers, 

allowing control over the specific chemical properties of the polymer and increased 

flexibility over the introduction of multiple binding ligands to study multivalent 

interactions. Examples of both approaches and the types of systems studies previously 

are given below. 

  

1.2.2.1 Biomacromolecular-based probes of biological function 

  

Biomacromolecular probes use the known supramolecular structures formed 

by nucleic acids, lipids, and proteins.  These types of structures have the advantage of 
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monodisperse, template-driven subunits that self-assemble into supramolecular 

structures.  Structures of this type are formed from synthesized single stranded DNA, 

proteins that oligomerize, or are antibody-based.   

Single stranded DNA scaffolds use Watson-Crick base pairing to associate 

dimers into larger structures.(150) Common topologies are sheets, tetrahedra, cubic, or 

tubes.(148, 151-153) They were employed in the analysis of distance-dependent 

binding of aptamers to thrombin(148), which was subsequently used to design a 

highly selective inhibitor of thrombin.(154) DNA origami is also the primary vehicle 

used to deliver TLR9 CpG sequences with many shapes and sizes investigated; Y-

shaped(155), tetrahedral(152), and dendritic or star shapes have been used to improve 

delivery but this function is independent of spatial display.(156, 157) 

Proteins with defined oligomers or valencies have also been used as scaffolds 

to present ligands multivalently. Streptavidin, normally present as a tetramer and 

capable of strong association with biotinylated molecules, has been used to study T 

cell receptor dynamics(158) and how receptor clustering improved clathrin-coated pit 

maturation and lifetime.(159) 

Antibodies, which have five classes with defined binding valency, are 

particularly well suited to investigate the role of valency in biological function. Anti-

GalTase IgG (two binding sites) was used to cluster the GalTase receptor on sperm 

surface to induce the acrosome formation.(160)  GalTase binds O-linked 

oligosaccharides on the egg surface; the antibody mimicked the condition, 

demonstrating the role of multivalency in acrosome activation. Anti-FLAG tag IgM 

(10 valent) in conjunction with a FLAG tagged soluble Fas ligand (sFasL) was able to 
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induce Fas signaling and apoptosis without the addition of ceramide to form lipid 

microdomains.(161) Antibody mimetics have also been engineered to modify cellular 

responses.  Anti-CD3 IgG, although effective at targeting T cells, induces their 

activation through the Fc domain of the antibody.  A novel system using a 

dihydrofolate reductase (DHFR) dimer-anti-CD3 fusion protein with a methotrexate 

dimer could oligomerize through DHFR binding of the folate mimic.(162) Oligomers 

with valencies similar to IgM, but lacking the Fc portion of the antibody could 

effectively deliver cargo to T cells using multivalent affinity, without inducing 

activation. 

All of the systems described above benefit from the oligomerization properties 

of biomacromolecules and the defined presentations of biological ligands they can 

form. There are drawbacks to these systems, which include difficulty in modifying 

valency, difficulty or inability to include multiple ligands, inability to alter ligand 

density, and often fixed dimensions. Synthetic polymers overcome many of these 

limitations and their use is described below. 

 

1.2.2.2 Polymer-based probes of biological function 

 

Synthetic polymers offer the ability to easily tailor the physical properties of 

the scaffold, attachment chemistry, be synthesized in a wide rage of molecular weights 

and topologies and can allow alteration of ligand valency, density, or both. Many 

examples exist throughout the literature demonstrating the utility of synthetic polymer 

scaffolds to examine or control biological processes.  Work in the laboratory of 



 
 
 
 
 
 

32 

Howard Dintzis used polyacrylamide conjugated to the hapten dintrophenol to 

examine the requirements of T cell-independent B cell receptor engagement for 

activation or tolerance.(163-165) Approximately 20 haptens, conjugated to a polymer 

of a molecular weight (MW) sufficient for activation, were required for B cell 

activation. A polymer below the activation MW was either an inhibitor or, at 

increasing hapten density, a toleragen. A polymeric scaffold above the activation MW 

and valence was an activator regardless of the values. These findings were shown to 

be applicable to other polymeric carriers and haptens.(166) 

There are additional examples of polymeric scaffolds used to probe biological 

function. In examining the role of ADAM2 and -3 proteins in sperm and egg binding, 

ROMP polymerized monomers of the tripeptide ECD or QCD were used to study the 

role of each respective protein.(167) Both polymers inhibited the binding of sperm and 

egg, and were dependent on ß1 integrin for function.  Similarly, in the lab of Kenneth 

Jacobson, multivalent dendrimer conjugates of polyamidoamine (PAMAM) and G-

protein coupled receptor (GPCR) adenosine agonists exploit the known homo- or 

heterodimerization, and even higher-order aggregation of GPCRs.(168) For instance, 

PAMAM conjugates of an adenosine agonist were shown to protect cardiomyocytes 

against H2O2 damage at 100-fold lower concentrations than the monomeric 

ligand.(169) 

Lastly, there are many examples of ROMP-polymerized polymeric scaffolds 

used to examine the role of multivalency in several systems. Multivalent presentations 

of glucose were shown to stimulate bacterial chemotaxis in a valency dependent 

manner.(170) Dinitrophenol-bearing polymers likewise showed a valency dependent 
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increase in activity with the higher valency constructs inducing greater antibody 

production, calcium flux, and B cell receptor clustering in an in vitro B cell 

model.(171) These examples use multivalency to explore biological systems relying 

upon the binding of saccharides.  Protein-saccharide or oligosaccharide interactions 

are weak and require either high concentrations or the high local concentrations 

provided by multivalent presentations to induce recognition or signal 

transduction.(172) The body of literature exploiting multivalent presentation of 

saccharides is large; a recent review from this group should be referenced for readers 

interested in this area.(173) 

 Nucleic Acids have been covalently attached to surfaces and other molecules 

for a large number of purposes including hybridization microarrays, new nucleic acid 

sequencing technologies, probes of protein activities and specificities and novel nano-

construction purposes.(174-178)  As mentioned before, covalent modification of 

antigen by ODN has been used to enhance presentation of the antigen by MHC II and 

the TH1 response for overall better vaccine efficacy.(27, 28, 33) In fact, some of the 

work that supports the hypothesis of multivalent presentation of DNA affecting 

cytokine release profiles involves the covalent attachment of stimulatory DNA to the 

polysaccharide ficoll(96) or microparticle embedment or attachment.(86, 100)  The 

systematic design of a series of DNA-polymer conjugates, not previously 

accomplished, is presented in this work. It is clearly shown how nucleic acid-polymer 

conjugation not only alters their physical and biological properties, but most 

importantly, allows control over cellular responses originating from recognition of 

CpG oligonucleotides. 
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Chapter 2 

DNA-POLYMER CONJUGATES FOR IMMUNE STIMULATION THROUGH 

TOLL-LIKE RECEPTOR 9 MEDIATED PATHWAYS 

 

 

2.1 Introduction 

Early detection of pathogens in humans and other jawed vertebrates relies 

largely on identification of non endogenous chemical structure by four protein families 

called the pattern recognition receptors (PRRs).(8, 106, 179) Unlike the adaptive 

immune systems' T cell (TCR) and B cell receptors (BCR), the germ line-encoded 

PRRs allow broad, quick, and nonspecific recognition of most pathogens that is a 

hallmark of the innate immune system. Innate pathogen recognition is necessary for a 

competent adaptive immune system function, and is critical for the response to most 

pathogens and vaccine efficacy, but has also been implicated in the development of 

autoimmune disorders.(3, 113, 116) The Toll-like receptor (TLR) family, 

characterized by the presence of leucine-rich repeat (LRR) sequences, are the most 

well studied of the PRRs.(106) Toll-like receptor 9, which is expressed in humans in 

the intracellular compartments of B-cells, plasmacytoid dendritic cells (pDC), and 

neutrophils, (15) is responsible for the recognition of unmethylated CpG dinucleotides 

predominant in the DNA of viruses and bacteria.(16, 17)  
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Pathogens often contain multiple pathogen associated molecular patterns 

(PAMPs) that are recognized by the PRRs, and PAMPs have thus been of considerable 

interest in understanding the mechanisms of immunity, as well as in the more practical 

considerations of vaccine design.(8, 77, 103) Oligodeoxynucleotides (ODN) 

containing unmethylated CpG dinucleotides have been investigated as adjuvants for 

vaccines for their ability to activate the innate immune system through Toll-like 

receptor 9 (TLR9).(180) Four classes of ODN (A, B, C, and P) all contain 

unmethylated CG dinucleotides, but have different flanking nucleic acid sequences 

that mediate differences in their propensity to form structures through Watson-Crick 

base pairing,(83) have been identified.  The differences in structure and aggregation of 

the ODNs alter not only the subset of immune cells activated by the ODNs, but also 

the profile of elicited cytokines.(83) These differences in activation have also been 

linked to expression of cellular receptors, accessory proteins, and the site of TLR9 

localization; however, no definitive answer explains how DNA structure potentiates 

this differential response.(42, 44, 83, 181) Elucidating the relationship between DNA 

presentation and the biological response to these different classes of ODN could lead 

to improved adjuvants as well as the ability to control immune response. 

 

The response of TLR 9 to CpG-containing ODN is influenced by the number 

of CpG motifs, the backbone linkage used (phosphate or phosphorothioate), and the 

tendency of the sequence to form secondary (intramolecular) or aggregated 

(intermolecular) structures. Studies directed at explaining the structural sources of this 

differential response have included the conjugation of CpG ODN motifs with 
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polystyrene(85, 182) or into protamine nanoparticles(87). Other delivery vehicles for 

CpG ODN include positively charged lipids such as DOTAP(100), the polysaccharide 

schizophyllan(88), gold nanoparticles(183), carbon nanotubes(184) and a number of 

Watson-crick base-paired structures.(152, 153, 157, 185, 186)  A recent report using 

silicon nanoparticles demonstrates that 3’ ODN conjugation promotes type I cytokines 

while electrostatic association promotes IFN-α secretion, providing significant insight 

into the role of ODN presentation on observed immunological response.(86) All of 

these systems permit manipulation of the spatial display of ODN, and have shown 

some enhancements in cytokine expression through enhanced delivery or protection 

from nucleases, but fail to inform how changes in DNA valency can alter activation of 

TLR9 by CpG ODN. 

 

Polymeric conjugates offer an attractive alternative to such investigations.  

While ODN-based polymer conjugates have not previously been explored, polymeric 

conjugates have been used previously to study immune system processes such as B-

cell signaling through the defined presentation of dinitrophenol groups(171), lectin 

binding by mannose-functionalized poly(HEMA)(187), and complement activation 

through BSA- and mannose-functionalized (poly methacrylate).(188) Nucleic acids 

have been covalently attached to polymers for diagnostic and micro-array 

applications(177, 178) as well as to improve the stability and delivery of siRNA.(189-

192) To study the role of CpG ODN valency and size in TLR9 activation, synthetic 

polymer scaffolds afford interesting tools where both valency of the ligand and size of 

the complex can be controlled. Here, we report the synthesis of novel, soluble ODN-
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poly(acrylic acid) (PAA) conjugates of controlled valency to study the activation of 

TLR9 in murine macrophages. Biotinylated conjugates were also produced to allow 

for detection by flow cytometry and confocal and transmission electron microscopy. 

Polymers and conjugates were analyzed by UV-VIS spectroscopy, NMR, GPC, and 

DLS to characterize their chemical identity and size. Flow cytometry and confocal and 

transmission electron (TEM) microscopy were used to analyze polymer uptake and 

cellular localization. The cytokine responses (TNF-alpha and IL-6) of the RAW264.7 

murine macrophage-like cell line were examined by ELISA. We also demonstrate, 

through siRNA gene silencing, that the immune-stimulating properties of these novel 

CpG ODN-polymer conjugates are mediated by TLR9. Data indicate the high activity 

of these conjugates for TLR9 activation, with variations in cellular responses that 

correlate with macromolecular structure. 

 

2.2 Experimental 

 

2.2.1 Materials   

 

Poly(acrylic acid) of 118 kDa Mw  and a PDI of 1.13 was purchased from 

Polymer Source (Dorval, Quebec) and purified precipitation in 0.1 M HCl, dissolution 

in H2O , filtration through a 0.22µm PES membrane, lyophilization, and then 

precipitation in ether from an acetone/isopropanol 50/50 solution. Gamma-irradiated 

10K MWCO dialysis cassettes were purchased from Pierce Biotechnology (Rockford, 

IL) and washed with sterile filtered 30% ethanol and then hydrated with molecular 
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grade water from Mediatech (Manassas, VA) before use.  Centrifugal filtration units 

with a 30K MWCO were purchased from Millipore (Bilerica, MA) and washed with 

sterile filtered 30% ethanol before use. All other reagents were used without further 

purification or treatment. N-(2-aminoethyl)maleimide trifluoroacetate salt (NEAM) 

(>95%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) 

(>99%), 1-hydroxybenzotriazole hydrate ( HOBT) (97%), triethylamine (TEA) 

(≥99%), Dimethyl sulfoxide (≥99%), 4-mercaptophenol (97%), molecular grade 

sodium chloride, and anhydrous sodium phosphate were purchased from Sigma 

Aldrich (St. Louis, MO). 2-(N-morpholino)ethanesulfonic acid sodium salt (MES) 

(>99%) was purchased from Fisher Scientific (Pittsburgh, PA).  O-(Benzotriazol-1-

yl)-N,N,N',N'-tetramethyluronium hexafluoro phosphate (≥99%) (HBTU) was 

purchased from Chem-Impex (Wood Dale, IL). Biotin hydrazide was purchased from 

Proteochem (Denver, CO). Oligodeoxyribonucleotide (ODN) 1668AT CG (5’-

TCCATGACGTTCCTGATGCTAT) and the negative control sequence ODN 

1668AT GC (5’-TCCATGAGCTTCCTGATGCTAT), both thiolated at the 3’ end, 

and control sequences without the 3’ C6 thiol linker, were purchased from Integrated 

DNA Technologies (Coralville, IA). Sequences deviate from the published ODN 1668 

sequence by the addition of an AT dinucleotide on the 3’ end as a small spacer 

between the 1668 sequence and the C6 thiol linker. DMEM, β-mercaptoethanol, 

antibiotic/antimycotic (100X), sodium pyruvate (100X), ethidium homodimer, and 

HEPES were purchased from Invitrogen (Grand Island, NY).  Fetal bovine serum was 

purchased from Denville Scientific (South Plainfield, NJ) and heat inactivated. 
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2.2.2 1H NMR spectroscopy 

 

All spectra were collected on a Bruker AV-400 spectrometer with a cryogenic 

QNP probe.  NMR was performed at room temperature on samples dissolved in 

deuterium oxide (D2O) or deuterated dimethylsulfoxide (DMSO-d6), purchased from 

Cambridge Isotopes. For all polymer samples, 128 or 256 scans were used, with a D1 

of 10 seconds and a 90° pulse program.   

 

2.2.3 Synthesis of biotin-functionalized poly(acrylic acid) 

 

PAA was dissolved at 20mg ml-1 in DMSO.  To this solution, with constant 

stirring, both biotin hydrazide and HBTU, dissolved at 10mg ml-1, were added to the 

PAA solution to yield a final molar ratio of 1:4 (biotin: HBTU). Triethylamine was 

added at a 10:1 molar ratio over biotin.  Biotin to PAA molar ratios was 35:1 for 

conjugates described. After 24 hours, the reaction mixture was dialyzed twice, in a 

10K MWCO dialysis cassette, against H2O. The solution was then dialyzed twice 

against a 500mM NaCl solution and then a final time (twice) against H2O. All 

dialysates were prepared with 18MΩ H2O and filtered through a 0.22µm membrane 

and were employed at a 1:1000 volume ratio. 1H NMR (D2O): δ= 4.48 (bm, (C3)-CH, 

biotin) δ= 4.31 (bm, (C3)-CH, biotin), δ=3.23 (bm, C-CH-S, biotin), δ=2.86 (d, NH, 

biotin), δ=2.64 (d, NH, biotin), δ=2.29 (b, C-CH2-C, biotin), δ=2.09 (bp, C-CH-C, 

PAA), δ=1.46-1.62 (bp, C-CH2-C, PAA). 
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2.2.4 Synthesis of maleimide-functionalized poly(acrylic acid)   

 

All glassware, plastic, and reagents were treated to maintain sterility to limit 

product contamination by LPS. All reagents were dissolved in a 75mM MES solution 

buffered at pH 6.05 and filter sterilized. Poly(acrylic acid), EDC, HOBT, and NEAM 

were all dissolved at a concentration of 10 mg ml-1, and the EDC, HOBT, and NEAM 

were added immediately at a ratio of 1:3:4 respectively. EDC was used (6% for 118K-

10 and 118K-3 and 3% for 118K-1) of the total acid groups on the polymer 

respectively. The reaction was conducted under nitrogen, and purified/transferred via 

dialysis to the DNA reaction buffer (50 mM sodium phosphate, 11 mM citrate, 5 mM 

EDTA at pH 6.6 (degassed)). 4-mercaptophenol (4-MP) was reacted with maleimide 

groups to provide a probe for NMR analysis of the extent of maleimide 

functionalization of the polymers.  Dialyzed polymer was lyophilized and then 

dissolved in D2O for analysis via 1H NMR spectroscopy.  The extent of 

functionalization of the polymer with maleimide was determined by comparing the 

ratio of the three polymer backbone peaks δ=2.09 (bp, C-CH-C, PAA), δ=1.46-1.62 

(bp, C-CH2-C, PAA) to the 4 protons of the 4-MP phenyl ring δ=6.76 (d, Ph-H(2), 4-

MP), δ=7.29 (d, Ph-H(2), 4-MP) . 1H NMR (D2O): δ= 1H NMR (D2O): δ=6.76 (d, Ph-

H(2), 4-MP), δ=7.29 (d, Ph-H(2), 4-MP), δ=2.09 (bp, C-CH-C, PAA), δ=1.46-1.62 

(bp, C-CH2-C, PAA). 
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2.2.5 Synthesis of ODN-functionalized poly(acrylic acid) 

 

All apparatus and materials were treated as stated above. 

Oligodeoxynucleotides and DTT were dissolved in 125 mM phosphate buffer at pH 

7.5 to yield an excess of DTT to ODN at a ratio of 10:1; the ODN and DTT were 

incubated for one hour. This ODN was then filtered, under gravity, via size exclusion 

chromatography using sterilized G 15 resin equilibrated in a 50mM phosphate, 13mM 

citrate, and 5mM EDTA ~pH 7.05 buffer, at a resin volume 10 times greater than that 

of the ODN solution. The eluate was fractionated and fractions tested for the presence 

of DNA by UV absorbance. DNA-positive fractions were combined with maleimide-

functionalized polymer from centrifugal filter exchange in 50mM phosphate, 13mM 

citrate, 5mM EDTA ~pH 6.9 buffer. This reaction mixture of the ODN and 

maleimide-functional polymer components was placed in a ported bell jar, vacuum 

purged 3 times with nitrogen with constant stirring, and incubated under nitrogen for 5 

days. The polymer control samples (PAA) were prepared from a fraction of the total 

synthesis, which was diluted 2-fold into 200mM pH 8 phosphate buffer and incubated 

for 24 hours to remove any residual maleimide via formation of the 3-hydroxyl 

succinimide or ring-opened derivatives of the maleimide-functionalized polymer.  

This control polymer, 118K, was purified and prepared as above, without addition of 

ODN.  
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2.2.6 UV characterization of ODN-poly(acrylic acid) conjugates 

 

All solutions were made from molecular grade water from Mediatech 

(Manassas, VA) and filter-sterilized before use. Reaction mixtures (from above) were 

diluted with 50 mM phosphate pH 8 buffer. This solution was filter-sterilized and 

passed through a centrifugal filter. After filtration, the volume was brought back to 4 

ml with molecular grade water and again passed through a centrifugal filter. This 

process was repeated until absorbance at 260 nm was stable and then the concentrated 

fraction was removed from the centrifugal filter unit, the unit washed with molecular 

grade water, and the volume brought to 2 to 4ml depending upon the concentration of 

DNA (to remain in linear absorbance region. The 260nm absorbance values allow 

determination of DNA concentration by the calculated extinction coefficient 

(201,800cm-1mol-1 and 200,400cm-1mol-1 for the CG and GC sequences respectively 

(193, 194)); the DNA functionality of the polymer was determined by comparison of 

the DNA concentration (determined by UV-Vis) to the polymer concentration 

(determined gravimetrically). The DNA concentration in the low-MW fractions was 

also monitored; the amount of DNA in all fractions was calculated and corresponded 

to the total ODN employed during the reaction.  The solution was concentrated one 

last time and brought to a volume sufficient to yield a stock solution of 100µM DNA. 

UV-Vis absorption spectra were measured on an Agilent 8452 spectrophotometer or a 

Thermo Nanodrop 2000.  
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2.2.7 NMR characterization of ODN-poly (acrylic acid) conjugates  

 

Conjugate 118K-1.5 was purified in the same manner as above and then 

exchanged in D2O using three, 1:80 sample dilutions. The sample was concentrated to 

a volume of 600µL and characterized via 1H NMR spectroscopy (Figure 2.1).  The 

ODN 1668 CG has 22 base pairs with 32 nucleobase protons and 22 anomeric protons 

from the ribose.  Since the ribose anomeric proton overlaps with peaks from the 

maleimide groups, the nucleobase protons were used for quantitation relative to the 

PAA backbone protons. 

 
 

2.2.7.1 Calculation of ODN functionality by NMR 
 

 
The following number of protons are found on each 1668 AT oligonucleotide: 

 
Ring Protons 
T – 8  = 8 
C – 6 = 12 
G – 4 = 4 
A – 4 = 8 
32 Total 
 
Anomeric Protons 
22 Bases = 22 Protons 
 
Non Anomeric Deoxyribose Protons 
22 Bases = 88 Protons 
 
 

Using the nucleobase region, which does not overlap the maleimide region with a total 

of 32 protons per ODN as calculated above. 
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Figure 2.1  NMR spectra of conjugate 118K-1.5. ODN functionality was calculated 

from the areas of the nucleobase and PAA backbone regions.  The inset 
shows the UV trace of the same conjugate at 11.8µM showing the 
characteristic 260 nm absorbance of the oligo is not masked by the low 
wavelength absorbance of the polymer.  

 
 
The area calculated for nucleobase protons on the NMR spectra scaled to the three 
backbone protons of one monomer is:   
 
(0.03 nucleobase protons/monomer )*(1722 monomers/polymer) =  
 
51.6 nucleobase protons/polymer 
 
To calculate the number of ODN per polymer: 
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(51.6 nucleobase protons/ polymer)/(32 nucleobase protons/ODN) = 1.6 
ODN/polymer 

2.2.8 Gel permeation chromatography 

 

Spectra were obtained on a Waters GPC (Milford, MA) system with a 2414 

refractive index detector. Phosphate-buffered saline (PBS) at pH 7.0, filtered through a 

0.22µm PES filter, was used as the mobile phase and the flow rate was maintained at 1 

ml/min. Stock solutions of the polymers or conjugates were dissolved in PBS pH 7.0. 

Conjugates were heated to 95°C for 5 minutes to eliminate any annealing of DNA and 

were then flash cooled before dilution and analysis. 

 

2.2.9 Dynamic light scattering 

 

Data were obtained on a Malvern Nanoseries Zetasizer (Worcestershire, UK) 

and from samples in a 3mm pathlength quartz cuvette. Control samples were diluted 

into filtered PBS (0.22 µm PES membrane, pH 7.0) at a gravimetrically determined 

concentration of 0.5µM.   Samples were maintained at 20°C and equilibrated at least 5 

minutes before measurement. The reported size in nm was calculated as the Z-average 

from the fit to the correlation function using the cumulant method with the software 

provided by the manufacturer.  Average values from three separate samples of a given 

polymer are reported in Figure 2.2. 
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Figure 2.2 Dynamic light scattering of three separate samples of 118K PAA plotted as 

% intensity vs. diameter in nm.  The three samples are in close agreement 
with Z-average diameters calculated as 35 nm (grey diamonds), 36 nm 
(light grey squares), and 35 nm (grey triangles).  Percent intensity favors 
larger particles and demonstrates the low abundance of any larger species. 

 

2.2.10 Cell titer blue assay 

 

RAW264.7 cells were plated the night before the assay, in a 96-well tissue 

culture polystyrene plate, at 75000 cells per well. Cells were washed once with PBS 

and the solutions of the polymer samples were applied (at various concentrations, at a 

total volume of 200 µL).   Samples included conjugates 118K-1, 118K -3, and 118K-

10 as well as control wells containing the conjugate at the tested concentration but no 
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cells. Untreated cells were plated as above and tested in the same manner without the 

addition of any conjugate. At 8 hours the cell titer blue reagent (Promega Madison, 

WI)) was added to all wells for testing and incubated for 2 hours at 37° C. The 

supernatant was removed from the wells and placed in a 96–well plate. Samples were 

characterized at a fluorescence emission wavelength of 600nm using a Perkin Elmer 

VICTOR3V multilabel counter (Perkin Elmer; Waltham, MA). 

 

2.2.11 Cell culture 

 

RAW264.7 cells were cultured on tissue culture polystyrene plates (Cell Treat; 

Shirley, MA) in DMEM supplemented with 10 mM HEPES, 55µM β-

mercaptoethanol, antibiotic/antimycotic, and sodium pyruvate (Invitrogen), and 10% 

fetal bovine serum in an environment containing 5% CO2. Cells were used up to 

passage 8 and maintained at between 20 and 90% confluence. Cells were washed with 

calcium- and magnesium-free PBS and scraped for passage. 

 

 

2.2.12 Bone Marrow Derived Macrophages (BMDM) 

 

BMDM were prepared as previously described(195) and isolated from femurs 

of BALB/C mice and cultured in RPMI 1640 medium, supplemented with 10% heat-

inactivated FCS, 2 mM GlutaMax-1, 100 U/ml penicillin, and 100 µg/ml streptomycin 

in the presence of murine GM-CSF (5 ng/ml). At day 4, nonadherent cells were 
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collected and cultured for a further 3 d in GM-CSF (5 ng/ml). On day 7, adherent cells 

were harvested and plated in cell culture 96-well plates at 200,000 cells/ml (50,000 

cells/well). 

 

2.2.13 Flow cytometry 

 

For Figure 2.8 all samples were treated as follows. RAW264.7 cells were 

lifted, counted, and divided into 15 ml conical tubes at 750,000 cells/ml per tube in 

500 µL of HBSS containing 4µM ethidium homodimer, and then incubated for 10 min 

at 37° C. Cells were centrifuged (180 x g), resuspended, and then incubated at 4° or 

37° for 15 min in media.  Cells were again centrifuged in 300µL HBSS (at either 4° or 

37° C) containing either conjugate 118K Biotin-10 or 118K Biotin-1, at a normalized 

ODN concentration of 100nM. Cells were incubated at either 4° or 37° C for 25 min, 

centrifuged, washed once with HBSS, and centrifuged and resuspended in PBS with 

4% formaldehyde at 4 or 37° C respectively. Cells were fixed for 15 min. and the 

previous wash procedure was followed. The 37° C and 4° C samples were then 

permeablized with 0.25% Triton X-100 for 15 minutes and washed twice at room 

temperature, via the previous protocol. The samples were then centrifuged and 

resuspended in PBS with 10% FBS and blocked by treatment with 6% BSA for 1 

hour.   The samples were again centrifuged and resuspended in 200µL of PBS 

containing 10nM Qdot 525 streptavidin conjugate (Invitrogen Grand Island, NY)  / 6% 

BSA and incubated for 1 hour.  Cells were washed with PBS, resuspended and 

centrifuged 3 times, and finally suspended in 500µL PBS and placed in Falcon flow 
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cytometry tubes (BD biosciences; San Jose, CA) on ice.  For Figure S7, the two 

samples are normalized to scaffold concentration of 16.6 nM and the 37° C samples 

were split in half to yield two samples, one of which was permeabilized, the other 

which was not.  No permeablization does not allow entrance of the quantum dot into 

the cell and only allows surface labeling. The non-permeabilized samples were 

resuspended in 0.5ml PBS and stored on ice. Positive control samples for dead cells 

comprised cells that were separately treated with 0.1% Triton X-100 for 15 minutes, 

washed, and then treated with 4µM ethidium homodimer.  Cells treated with 500nM 

conjugate 118K-10 Biotin at 37° C were used as a positive control.  Both positive 

controls (Triton-X treated cells for ethidium homodimer and 500nM conjugate 118K 

Biotin-10 for the Qdot 525 streptavidin conjugate) were used for calculation of the 

compensation coefficient using the manufacturers software.  Cell analysis was 

conducted on a BD LSR II cell analyzer (BDbiosciences; San Jose, CA) with gates set 

by untreated cells; a total of 10,000 events were recorded.  Flow analysis was 

conducted using FlowJo software (Tree Star; Ashland, OR) with cells positive for 

ethidium homodimer (dead) not included in analysis. 

 

2.2.14 Confocal microscopy 

 

RAW264.7 cells were seeded at 150,000 cells per chamber in Nunc 8-chamber 

microscopy slides (Nunc ; Rochester, NY).  Cells were washed once with PBS prior to 

use and then treated with 200µL of a 2 µM solution of FM 4–64 FX (Invitrogen; 

Grand Island, NY) in HBSS for 4 min at 37°C.  Cells were washed once with PBS 
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prior to use and then treated with 200µL of a 2 µM solution of FM 4–64 FX 

(Invitrogen; Grand Island, NY) in HBSS for 4 min at 37°C. Cells were then aspirated 

and treated with 200 µL of either polymer 118K Biotin or conjugate 118K Biotin-10 

for 12 min at 37°C for active endocytosis in the presence of the plasma membrane 

localizing FM4-64. Cells were aspirated and immediately fixed with 4% formaldehyde 

in PBS for 15 min at room temperature (RT) and all remaining steps were completed 

at RT. Cells were washed twice with PBS and permeabilized with 0.25% Triton in 

PBS for 15 min. Cells were washed 3 times with PBS and treated with PBS containing 

10% FBS and 6% BSA for one hour. Cells were again aspirated and then treated with 

PBS containing a 10nM solution of the Qdot 525 streptavidin conjugate with 6% BSA 

for one hour. Cells were washed 3 times with PBS and treated with a 2.5µM 

concentration of DRAQ5 (Biostatus Limited; Leicestershire, UK). Cells were 

aspirated and placed in PBS for imaging. Imaging was conducted using a 780 Zeiss 

confocal microscope (Carl Zeiss Microscopy; Thornwood, NY) with a 40 X water lens 

(1.2 NA) with all images 1056x1056 pixels. The image in Figure 2.10 a 2-dimensional 

representation of a 30 image Z-stack with the image LUTs adjusted to min/max and 

interpolated by Zen (Zeiss Oberkochen, Germany). Image analysis was conducted by 

colocalization mask analysis using pixel overlap intensity thresholds to limit 

colocalization counts to only spots manually identified as positive to generate an 

image mask (Figure 2.3, Zen). The total number of colocalization spots for each mask  

was then counted using the Velocity software package (Perkin Elmer; Waltham, MA). 
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Figure 2.3  The colocalization intensity thresholds used to generate the image mask 

identifying areas of colocalization. All spots on this intensity map show 
colocalization. Areas 1 and 2 have high greyscale intensity for the FM4-
64 and Q Dot 525 channels respectively, however, only area 3 has areas of 
colocalization with high intensity in both channels. Only areas of pixel 
overlap in area 3 were used for analysis and were confirmed by manual 
inspection. The image mask generated from these boundary conditions 
was then analyzed with the Velocity software package for the number of 
colocalization events. 
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2.2.15 Transmission electron microscopy 

 

RAW264.7 cells were lifted, counted, and divided into 15 ml conical tubes at 

375,000 cells/ml per tube in 500 µL of DMEM containing 50 nM biotinylated polymer 

conjugate 118K Biotin-10 or non-biotinylated polymer conjugate 118K-10 

prehybridized for 10 minutes with 0.5 nM streptavidin conjugated 10nm gold 

nanoparticles (Electron Microscopy Sciences; Hatfield, PA). Cells and streptavidin 

gold-biotinylated polymer conjugate and control were incubated for 1 hour at 37° C 

and 5% CO2 with occasional shaking to keep cells suspended. Cells were centrifuged 

(180xg), resuspended with 3 ml PBS (Mediatech; Manassas, VA), centrifuged again, 

and the supernatant removed three times as washing cycles. After the third wash, cells 

were again centrifuged and resuspended in 100mM sodium cacodylate, 2% 

glutaraldehyde, and 2% paraformaldehyde pH 7.4 (Electron Microscopy Sciences; 

Hatfield, PA) and fixed for 1 hour at room temperature to begin the sample prep and 

staining protocol below. The cells are additionally fixed in osmium tetroxide, resin 

embeded with Embed-812 (Electron Microscopy Sciences, Hatfield, PA), and uranyl 

acetate stained with protocols shown below. TEM images were collected with A Zeiss 

LIBRA 120 transmission electron microscope (TEM) is an energy filtering TEM 

equipped with a Gatan Ultrascan 1000 2k x 2k CCD camera. 
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2.2.15.1 Transmission Electron Microscopy Sample Preparation 

 

1. Fix cells in 2% glutaraldehyde/2% paraformaldehyde in 0.1M Na cacodylate 

buffer pH 7.4. 

2. Pellet cells by centrifugation, remove supernatant and replace with 4% low 

temperature Agar. 

3. Once cooled, remove pellet in Agar and cut into 2 mm x 2 mm x 2 mm cubes. 

4. Wash 3x, 15 min in 0.1M Na cacodylate buffer pH 7.4 

5. Fix 2 h in 1% osmium tetroxide in 0.1M Na cacodylate buffer pH 7.4 

6. Wash 2x, 15 min in 0.1M Na cacodylate buffer pH 7.4 

7. Wash 2x, 15 min in dd-water 

8. Dehydrate in ascending ETOH (25, 50, 75, 95%), 15 min each, and store in 

95% ETOH 4°C overnight. 

9. Dehydrate 2x, 15 min in 100% anhydrous ETOH 

10. Infiltrate with Embed-812 resin, 1 hr each, as follows: 

a. 1 part Embed-812 (without DMP-30): 3 parts 100% anhydrous ETOH 

b. 1 part Embed-812 (without DMP-30): 2 parts 100% anhydrous ETOH 

c. 1 part Embed-812 (without DMP-30): 1 part 100% anhydrous ETOH 

d. 2 parts Embed-812 (without DMP-30): 1 part 100% anhydrous ETOH 

e. 3 parts Embed-812 (without DMP-30): 1 part 100% anhydrous ETOH 

f. 100% Embed-812 (without DMP-30) 

g. 100% Embed-812 (with DMP-30) 

h. 100% Embed-812 (with DMP-30) overnight 
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11. Infiltrate with fresh 100% Embed-812 (with DMP-30) 1 hr 

12. Replace with fresh resin and polymerize in BEEM capsules at 60°C for 48 hr. 

13. Obtain thin sections of sample with Microtome and place sections onto copper 

TEM grids. 

14. Stain grids with uranyl acetate + Reynolds lead citrate method. 

 

2.2.15.2 Staining Grids with Uranyl Acetate and Lead Citrate  

 
1. Fill an Erlenmyer flask half-full with water and heat to a boil in microwave 

(~3-4min) with lid placed on top but not screwed down.  
 

2. Place in ice-bath to cool. 
 

3. In hood, fill large Petri dish with methanol.  
 

4. Place smaller Petri dish into a larger one (to catch spills) and fill with 9ml 
filtered uranyl acetate solution. 
 

5. Rinse Haruka plate with water and dry briefly. 
 

6. Situate Haruka plate onto Haruka plate holder, and insert grids on Haruka 
plate. 
  

7. Carefully remove Haruka plate from holder and set on hot plate at low heat for 
5min. to flatten. 
 

8. Place Haruka plate upside-down in uranyl acetate and allow to stain for 5min. 
a. Note: Manipulate placement of Haruka plate to avoid air bubbles which 

will dry out grids. Careful not to ram grids into dish. 
 

9. Rinse grids in methanol by placing Haruka plate rightside-up and “swishing” it 
around using forceps. 
 

10. Place Haruka plate right-side up in a Petri dish with filter paper, and wick 
away excess methanol. 
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11.  Allow to dry for ~20min. at RT or 5min. under heat lamp. 

 
12. Transfer Haruka plate into Petri dish lined with sodium hydroxide pellets (used 

to get rid of any residual CO2). Let sit 5min. 
 

13. Use Pasteur pipette to fill 5ml syringe approx. 1ml full with lead citrate 
solution. 

a. Note: Pipette from middle of container and do not scrape sides. 
 

14. Catch first couple drops in syringe filter cap and dispense 1ml onto Haruka 
plate, avoiding air pockets. 
 

15. Stain for 5min. and rinse with copious amounts of cooled CO2-free water. 
 

16. Wick away excess water using filter paper. 
 
Allow to dry for 1hr. under heat lamp prior to imaging.. 

 
2.2.16 Response of RAW264.7 macrophages to stimulatory ODN-

poly(acrylic acid)  conjugates 

 

RAW264.7 cells were seeded the night before the experiment, at 75,000 

cells/well in a 96-well tissue culture plate. Media was removed from plates and the 

wells washed with sterile PBS before addition of the solutions containing the 

conjugates. Conjugates were heated, directly before addition to the cells, to 95°C for 5 

minutes, flash cooled, and diluted into media as described above at various 

concentrations and a final volume of 200 µL per well. Conjugates were added to the 

cultured cells, and after 8 hours, the supernatant was removed and frozen. 
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2.2.17 Enzyme-linked immunosorbent assay (ELISA) 

 

ELISA was performed by analysis of supernatants collected from experiments 

described above, diluted with 10% FBS in PBS.  Monoclonal antibody sets for murine 

IL-6 and TNF-α were purchased from Becton Dickinson (BDbiosciences; San Jose, 

CA), and used with adherence to the provided protocol. Independent values are from 

two independent measurements at two different concentrations within the linear range 

of the standard curve.  ELISA measurements were measured using a Perkin Elmer 

VICTOR3V multilabel counter (Perkin Elmer; Waltham, MA). 

 

2.2.18 siRNA transfection 

 

Transfection was accomplished using the Qiagen HiPerFect reagent and 

protocol. Briefly, RAW264.7 cells (75 µL) were plated in a Costar 48-well cell culture 

plate with a cell concentration of 2,000,000 cells/ ml (150,000 cells per well) in 

culturing media before transfection. TLR9-specific siRNA sc-40271 or control siRNA 

sc-37007 (Santa Cruz Biotechnology Santa Cruz, CA) was diluted to a concentration 

of 100 nM in 75 µL Optimem (Gibco), with addition of 3 µL HiPerFect and mixing by 

vortexing. Samples were incubated for 5-10 minutes at room temperature. After 

incubation, the siRNA mixture was added onto cells and mixed by pipetting 3 times. 

Samples were incubated for 5 hours under cell culturing conditions and then were 

supplemented with 300 µL culturing media. Stimulation, as described above, was 

started 24 hours later. 
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2.2.19 RT-PCR 

 

Media was aspirated from the well at 6 hours post treatment and 600 µL of 

RNA lysis buffer from the Quick-RNA Miniprep kit added (Zymo Research Irvine, 

CA).  The cells were freeze/thawed, scraped, and transferred to a Zymo-Spin IIICG 

column and processed according to the manufacturer’s protocol.  RNA was eluted in 

35 µL and characterized for quality and concentration by 260/280 on a Nanodrop 

spectrophotometer (Thermo Scientific Waltham, MA), all with ratios > 1.9.  1.5 µg of 

RNA was then reverse transcribed using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems Foster City, CA) supplemented with 10 units 

(0.5 µL) Ribolock RNase Inhibitor (Thermo Scientific Waltham, MA) in a 20µL 

reaction volume with the manufacturer’s recommended thermal program. After 

completion, this reaction was then diluted directly with MB grade water to 100 µL 

total volume (15 ng/µL) for PCR analysis assuming 1.5 µg RNA = 1.5 µg cDNA after 

RT. The Power SYBR Green PCR master mix (Applied Biosystems Foster City, CA) 

was used in a 25 µL reaction volume. PCR conditions were 30 ng template, 0.25 µM 

PCR primers, 60°C extension, 40 cycles, and the remainder according to master mix 

specifications. The fold change in mRNA is calculated using ΔΔCt with β-Actin as 

control.  PCR primer sequences are for TLR9 (Accession # NM_031178; forward 5’- 

GCACTTCTCTTGCCACATGA-3’, reverse 5’-TTCCCGTCCATGAAGAGAAC-3’) 

and β-Actin (forward 5’- TCACCCACACTGTGCCCATCTACGA-3’, reverse 5’- 

GGATGCCACAGGATTCCATACCCA-3’).(196) Efficiency was determined by the 

equation efficiency (E) = (10^(-1/slope))-1 where the slope equals the slope of the line 
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for log(mass) vs. Ct value. This efficiency plots for TLR9 and ß-Actin are shown in 

the supporting info (Figures 2.S1 and 2.S2 respectively). The reaction was run on an 

ABI PRISM 7200 system (Applied Biosystems Foster City, CA) with the additional 

melting temperature cycle to analyze product homogeneity.  The PCR product was 

also analyzed by gel electrophoresis and shows the expected product (data not shown). 

 

2.2.20 4'-hydroxyazobenzene-2-carboxylic acid (HABA) assay 

 

The amount of biotin on polymer conjuates was determined via HABA 

displacement by the Pierce (Rockford, IL) Biotin Quantitation Kit according to the 

manufacturer’s instructions.  Polymers were diluted into Tris-buffered saline for 

analysis until Abs500≤ 1. The UV absorbance was measured on a Beckman Coulter DU 

730 UV/VIS spectrophotometer. 

 

2.2.21 Limulus amoebocyte assay 

 

The chromogenic limulus amoebocyte assay (Lonza; Allendale, NJ) was 

conducted on all materials in accordance with the manufacturer-provided protocol.  

Conjugates, as well as purified polymer and ODN, were tested for endotoxin and 

found to be lower than 0.02 EU/ml.  Conjugates containing the control sequence 1668 

GC were also characterized and were confirmed to not promote cytokine release. 
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2.2.22 Statistical analysis 

 

Statistical analyses were calculated using Kaleidagraph (Synergy Software; 

Reading, PA); statistical significance was calculated with one-way ANOVA with a 

post hoc Tukey’s analysis at the 99% confidence level. A minimum of three 

independent samples were used for analysis. 

 

2.3 Results and Discussion 

 

2.3.1 Design and synthesis of poly(acrylic acid)-DNA conjugates 

 

It is known that differential cytokine responses are demonstrated by ODNs 

with differing aggregation, which offers opportunities to tailor the responses of cells of 

the immune system.  The use of polymer scaffolds, in particular, allows the design of 

novel materials with greater control over presentation and number of ODN ligands 

than that previously possible with ODN aggregates or complexes. Because TLR 

association with lipid rafts(52, 128) and receptor colocalization are important for the 

formation of cytosolic signaling protein scaffolds,(79) we postulated that control of 

the number and density of ODN ligands available for interaction with TLR9, in 

particular, would be a good target for affecting cytokine response. The design of 

polymeric carriers for such differential display of ODN ligands was based on several 

considerations.  Although positively charged polymers such as poly(ethylene amine) 

have been widely used as nucleic acid carriers, in order to promote condensation and 
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protection of the nucleic acid, the passage of the nucleic acids through cellular 

membranes into the cytosolic space is mediated at least in part through the interactions 

of the positively charged polyplex with the negatively charged cellular 

membrane.(197-199)  Such nonspecific interaction of the conjugates with cellular 

membranes is undesirable in the current studies, as the goal is to probe the role of 

ODN display in the TLR9-mediated activation of immune cells without complications 

of interactions with the polymer scaffold.  Poly(acrylic acid) (PAA) was thus chosen 

as the scaffold owing to its high negative charge at physiological pH, as well as the 

fact that low-PDI polymers are available over a large range of molecular weights.  The 

high negative charge density of both the polymer and the nucleic acid also serves to 

prevent macromolecular interaction or aggregation of the ligand and polymer. PAA 

polymers of a molecular mass of 124kDa were employed in these studies; these 

polymers exhibit a hydrodynamic diameter of approximately 35nm under 

physiological conditions, as assessed via dynamic light scattering (Figure 2.2), 

providing an intermediate size scaffold (between monomeric ODN and other 

aggregate-based particles) for investigation, and dimensions that are sufficiently large 

that engagement of multiple TLR receptors is possible.(14, 24, 138) 

PRRs can detect very low concentrations of PAMPs(200, 201) so a sensitive 

imaging strategy was necessary in the present work to ensure detection of synthesized 

PAA conjugates by flow cytometry and confocal microscopy. Multiple biotin labels 

were thus employed to enhance the binding capacity of the PAA conjugate for 

streptavidin-labeled fluorophores. Biotin was chosen for its versatility for labeling of 

the polymer with any streptavidin-functionalized detection agent, as well as for its 
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small size, which minimizes any steric impact on the binding of the conjugate to 

TLR9. Similar strategies have been employed in other work to provide high avidity 

binding of DNA to solid substrates for DNA hybridization,(202) as well as enhancing 

uptake of PAMAM-biotin conjugates in an ovarian cell cancer line.(203) Biotinylation 

was accomplished through the chemical protocols detailed in the experimental section 

and shown in Figure 2.5, the extent of biotinylation determined via H1 NMR, and 

functional streptavidin binding by HABA displacement assay (Supporting 

Information). The effect of biotinylation on the activation of RAW264.7 cells (via  

 

 

 
 
Figure 2.4 RAW264.7 cell 8 hour TNF-α response to PAA and two biotin modified 

PAA scaffolds.  The concentrations of polymer used are 5µM (closed bar), 
1µM (cross hatched bar), 0.5µM (horizontal hatched bar), and 0.1µM 
(open bar). The standard deviation of 3 independent measurements is 
shown. Concentrations of 5µM, 1µM, and 0.5µM are all well above those 
used in other experiments, and the low response demonstrates the low 
immunogenicity of the scaffolds. 
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Figure 2.5 Reagents and conditions: (a) 118K PAA, biotin hydrazide , HBTU, and 

TEA (all 10mg ml-1 ) except TEA added as liquid) in DMSO; (b) 118K 
PAA  with EDC, HOBT, and NEAM (all 10mg ml-1 ) in 75mM MES pH 
6.05 under nitrogen; (c) maleimide polymer and reduced DNA in 50mM 
phosphate, 13mM citrate, 5mM EDTA ~pH 6.9 under nitrogen; a. Size of 
35nm determined by DLS; all conjugates shown to co-elute via GPC. 

 

assessment of TNF-α expression) was monitored to ensure that the modification of the 

polymer did not complicate interpretation of cellular uptake and activation. Based on 

these activation results (Figure 2.4), a biotin functionality of approximately 30 showed 
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minimal activation with full binding accessibility, and was thus chosen for labeling 

and detection in flow cytometry and confocal microscopy experiments. 

Synthesis of the ODN-PAA conjugates required a robust and efficient 

bioconjugation strategy compatible with available chemical end-functionalities 

available for synthetic ODN. We chose to functionalize PAA with N-(2-

aminoethyl)maleimide (NEAM) through the chemical protocols outlined in Figure 2.5  

and subsequent reaction with a 3’ thiol-functionalized ODN. Similar chemical 

approaches were employed by Lifland and colleagues for the synthesis of 

poly(ethyleneglycol)-ODN hybridization probes.(190) ODN must be conjugated 

through the 3’ end for proper interaction with TLR9(204) and thus ODN with a 3' C6-

thiol linker were employed in these studies. Synthesis of the PAA-ODN conjugates 

described in Table 2.1 was accomplished by varying the molar ratio of 3’-thiol ODN 

to maleimide-functionalized PAA synthesized as described in Figure 2.5  
 
 
Table 2.1. Polymers Prepared 

Conjugate Maleimide # 
(NMR) 

Number 
Biotin 

Theoretical 
Valency 

Actual 
Valency 

(UV) 
118K 10 0 0 0 

118K-1 10 0 1 0.8 
118K-1.5 10 0 2 1.5* 
118K -3 43 0 4.5 3 
118K -10 43 0 14 10.5 

118K -10GC 43 0 14 10.5 
118K Biotin 10 33 0 0 

118K Biotin-1 10 33 1 0.8 
118K Biotin-10 48 33 14 10 

* NMR characterization was used to validate this functionality  
and UV characterization method (Figure 2.1). 
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(lower pathway b). The buffers used for both the column purification of the reduced 

3’-thiol ODN and for the maleimide-functionalized PAA were optimized to reduce 

hydrolysis of the maleimide group and maintain the nucleophilicity of the thiol group. 

Small changes in pH or ionic strength resulted in drastic changes in observed reaction 

efficiency, often with no observed product.  Both TCEP and DTT were examined as 

reductants for the 3’ thiol-functionalized ODN. Only DTT, with subsequent 

purification via SEC with a Sephadex G 15 column and 50mM phosphate, 13mM 

citrate, 5mM EDTA ~pH 7.05 buffer, yielded efficient conjugation. Table 2.1 

indicates the maleimide functionalities of the conjugates used in these studies, which 

ranged from 10 to 45 and yielded 1 to 10 ODNs per polymer. Polymer conjugates 

118K Biotin-1 and 118K Biotin-10 were synthesized with both biotin and maleimide 

functionality, for visualization of these polymer conjugates during flow cytometry and 

microscopy, while 118K-1, 118K-1.5, 118K-3, 118K-10GC, and 118K-10 were 

synthesized (without biotin) for cellular activation studies, as shown in Figure 2.5. 

Polymer conjugates 118K Biotin-1, 118K-1.5, and 118K-1 were synthesized with a 

lower maleimide functionality of approximately 10 (Table 2.1) owing to the fact that 

higher maleimide functionalities introduced slight absorbance at 260nm that interfered 

with the spectrophotometric determination of ODN functionality for the PAA-ODN 

conjugates equipped with a single ODN (data not shown). The higher functionality 

polymer conjugates 118K Biotin-10, 118K-10, and 118K-3 were synthesized from a 
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PAA equipped with a higher maleimide functionality of approximately 45 (Table 2.1) 

for more efficient conjugation and higher ODN functionality.  

Purification methods were also optimized to allow complete removal of 

unreacted ODN from any HMW species (>118K). Purification buffer with an elevated 

pH (8) was employed to ionize all phosphates and carboxylic acids, thus maximizing 

electrostatic repulsion of the ODN from the polymer scaffold. In addition, the 

expected covalent bond formation was validated (in part) by examining several buffer 

conditions (over several different syntheses) that would disrupt noncovalent 

association of ODN with the PAA polymers and conjugates.  Various solutions (1M 

NaCl (ionic forces), 18 MΩ H2O (hydrophobic forces), and 5% DMSO (also 

hydrophobic forces)) were tested as eluents; there was no decrease, after five washes 

under these various conditions, in the observed ODN absorbance at 260 nm of the high 

molecular-weight fractions. Analysis of all reactions and fractions during the synthesis 

confirmed that all ODN was accounted for during the synthesis, and that there was no 

alteration of the expected UV absorbance properties. Thus, the ODN absorbance at 

260nm was employed to indicate the concentration of ODN in a given sample, and the 

functionality of the polymer determined by using the absorbance value and the pre-

measured mass of polymer in a given sample.   

To validate that these protocols accurately represented the ODN functionality 

of product given conjugate, 1H NMR was employed. The polymer 118K-1.5 was used 

to compare ODN functionalities determined via UV-Vis and 1H NMR.  The low 

ODN:polymer ratio of this sample provided the most stringent test case as samples 

with low numbers of ODN pendant ligands are the most susceptible to interference in 
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the UV spectra. The functionality value determined by both methods was shown to be 

in very close agreement, with UV-Vis analysis yielding a valency of 1.5 and 1H NMR 

analysis yielding a valency of 1.6.  Also, the NMR spectra (Figure 2.1) shows peak 

broadening not only for the polymer proton peaks, but also for the ODN peaks (when 

compared to unreacted ODN (not shown)) as a result of slower tumbling, and an 

indication of the conjugation of the ODN to the polymer. The inset of Figure 2.1 

shows the UV trace of this conjugate demonstrating the characteristic peak in 

absorbance at 260nm.  

In addition, all raw materials and final polymers and conjugates were tested, 

via LAL assays, for lipopolysaccharide (LPS), a ubiquitous environmental 

contaminant from Gram (-) bacteria, to confirm that there would be no activation of 

the RAW264.7 cell line owing to contamination of the ODN or polymer samples.  All 

synthesis protocols were designed specifically to prevent LPS contamination and all 

conjugates were measured to be <0.02 EU/ml; these values are well below levels 

capable of activation (data not shown). 

 

2.3.2 Characterization of ODN-PAA conjugates 

 

Gel permeation chromatography (GPC) analysis was used to determine if the ODN 

and polymer co-eluted, which would further indicate covalent association and indicate 

the absence of monomeric ODN in any polymer conjugates. We anticipated that the 

small size of the ODN (~2 nm)(205) would not significantly modify the hydrodynamic 

volume of the much larger polymer (~ 35 nm).  Figure 2.6 shows that the separate 
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peaks (detection at 260nm) resulting from the free ODN (open circles) and the 

polymer-ODN conjugates 118K Biotin-10 (light grey crosses), 118K-1 (black  

 

 
Figure 2.6. Gel permeation chromatography of polymers and ODN samples in PBS 

pH 7.0, monitored at a wavelength of 260nm. Samples are ODN 1668 (5µM 
DNA) (open circles), 118K Biotin (black line) (0.5µM polymer), 118K-10 
Biotin (light grey crosses) (5µM DNA and 0.5µM polymer conjugate), 
118K-1 (black diamonds) (5µM DNA and 5µM conjugate), and 118K-10 
(closed circles) (5µM DNA and 0.5µM conjugate). 

 

diamonds), and 118K-10 (closed circles) are clearly discernible, supporting that any 

absorbance of the high molecular mass peak at the polymer elution time arises from 
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ODN that is covalently conjugated to the polymer backbone.  A slight contamination 

of free ODN in sample 118K-10 (ca. 2%) is observed; this low concentration of 

monomeric ODN was separately determined to be nonactivating to the macrophage-

like cell line, and the 118K-10 sample was thus employed in cellular assays without 

further purification. Solutions of conjugates 118K Biotin-10, 118K-1, and 118K-10 

were prepared gravimetrially to yield solutions with similar ODN concentration; the 

similar observed intensity of the absorbance from these samples thus further confirms 

UV-Vis analysis accuracy. The results of this GPC analysis, when taken together with 

the results of the DLS (Figure 2.2), suggest that all of the PAA-ODN conjugates are 

approximately 35 nm in diameter.  
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Figure 2.7. Cell titer blue viability assay of RAW264.7 cells at 8 hours. Untreated 

cells were monitored, as well as cells treated with conjugates 118K-1 
(200nM DNA), 118K-3 (200nM DNA), and 118K-10 (200nM DNA). 
Standard deviation calculated from the average of 3 independent 
measurements. A)* indicates statistically significant differences at 
p≤0.014. 

 

The cytotoxicity of conjugates 118K-1, 118K-3, and 118K-10 was monitored using 

the cell titer blue reagent, which measures the reductive capacity of metabolically 

active cells, and thus indirectly measures cell viability.  The data in Figure 2.7 present 

results for RAW264.7 cells exposed to the highest concentration of conjugate tested 

(normalized to 200nM DNA), and illustrate that the metabolic activity of each sample 

is at or above the level of the control sample. Thus, no cytotoxicity was observed for 

any of the conjugates tested; a slight increase in metabolic activity measured for the 

cells exposed to 118K-10 is likely a result of innate cellular activation of TLR9 by the 

conjugate.(152) 
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2.3.3 Flow cytometry and microscopy analysis of uptake and localization 

 

Flow cytometry, as well as confocal and transmission electron microscopy, 

were used to study the uptake and cellular distribution of conjugates, respectively. The 

flow cytometry studies were designed to determine whether the cellular uptake was an 

active process and the microscopy studies to assess if the localization within the cell 

was defined and in membrane-bound vesicles.  To this end, we employed 118K  

 

 
 
 
Figure 2.8   Flow cytometry of RAW264.7 cells exposed to conjugates 118K Biotin-1 

(light grey) and 118K Biotin-10 (hashed) normalized to 100 nM ODN 
concentration at 37° for 20 min, 60 min, and 120 min and 4°C for 120 
min. NS = No Stain. The results presented are the MFI average of the 
geometric mean of 10,000 cells, n=3 samples, with error bars 
representing standard deviation and are representative of greater than 
three independent trials. Statistics between time points of each condition, 
* p<0.001 and ** p<0.0001. 
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Biotin-10 and 118K Biotin-1 conjugates, which allowed detection via the 

fluorescence of streptavidin-labeled quantum dots.  The flow cytometry data are 

shown in Figure 2.8, and the data illustrate the levels of cellular internalization of 

118K Biotin-1 and 118K Biotin-10 at 37°C over a time course of 20, 60, and 120 

min, and at 4°C after 120 min, in order to assess if uptake is an active or passive 

process. There is clearly an increase in the mean fluorescence intensity (MFI) over 

time for both 118K Biotin-1 and 118K Biotin-10 (p<0.001) at 37°C with only a small 

detectable increase in MFI at 4°C over 120 min (p<0.0001).  With the increase in MFI 

observed by flow cytometry only for samples incubated at physiological temperature,  

we conclude that internalization of these conjugates is an active process. We also 

employed a separate flow cytometry experiment (Figure 2.9) in which permeablization 

conditions were altered to permit labeling only of the surface of the cell. Specifically, 

the fluorescence of permeabilized and non-permeabilized cell populations (at 37°C) 

were compared, and the fluorescence of the non-permeabilized cells at 37°C was 

compared to that of permeabilized cells at 4°C.  If uptake is an active process, the 

permeabilized cells incubated at 37°C should show an elevated fluorescence relative 

to the other two conditions. The data in Figure 2.9 clearly illustrate this, and also 

illustrate that the histograms for 118K-1 and 118K-10 for the permeabilized 4°C and 

non-permeabilized 37°C conditions overlay, thus indicating that any fluorescence 

observed at 4°C is a result of surface labeling.  Taken together, these two flow 

cytometry experiments clearly confirm the active internalization of the PAA-ODN 

conjugates.  
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Figure 2.9   Flow cytometry of RAW264.7 cells exposed to conjugates 118K-1 Biotin 

(a) (100 nM polymer and 100nM ODN) and 118K-10 Biotin (b) (8 nM 
polymer and 100 nM ODN) at 37° and 4°C.  Conditions shown are at 
37°C with no permeabilization of cells highlighting only surface binding 
(light grey) (1186 (a) and 863 (b)), 4°C (medium grey) (1111 (a) and 
1106 (b), and 37°C (black line and dotted black line of replicate) (4841 
(a) and 4828±313 (b). The results presented are representative of three 
independent trials. 
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Confocal microscopy (Figure 2.10a) was used to corroborate the flow 

cytometry data (that the conjugates were internalized and not simply associated with 

the plasma membrane), but more importantly, to show that conjugates had defined 

distribution throughout the cell and were localized within membranous structures and 

not dispersed in the cytosol.  The dye FM4-64 was used by Lande et al. to determine 

endosomal colocalization of DNA complexed by the cathelicidin LL_37.(68)  

Similarly, the fixable analogue FM4-64FX was used in the present study to mark 

membrane-mediated endocytic events and internalization of the polymer conjugate 

118K Biotin-10 (or polymer 118K Biotin). Intracellular colocalization of  

the dye with quantum dots would indicate that the dye and conjugate were 

concurrently endocytosed from the plasma membrane.  Figure 2.10 shows a 

representative confocal image with the green indicating the Qdot 595-complexed 

118K Biotin-10, the red indicating the FM4-64, and the blue indicating DRAQ5-

stained nuclei.  The distribution of 118K Biotin-10 is limited to localized regions of 

150-500nm, which corresponds to the expected size of endocytotic vesicles.(206, 207) 

This colocalization was further analyzed via intensity-based analysis of image masks 

(example Figure 2.3) on Velocity software, to estimate the number of colocalization 

events (Table 2.2). The scaffold 118K Biotin exhibited 2 ½ times the number of 

colocalization events of 118K Biotin-10, perhaps from greater accessibility of the 

pendant biotin or a difference in receptor-mediated endocytosis. Although these data 

show that the biotin-streptavidin detection method is likely only qualitative, they 

unequivocally demonstrate colocalization of the Qdot-labeled conjugates with the  
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Figure 2.10 Microscopy of polymer conjugate subcellular localization. Confocal 

image (a) is a two dimensional rendering of a 32 image z-stack of 
RAW264.7 cells exposed to conjugate 118K Biotin-10 (20nM conjugate/ 
200nM ODN) labeled by streptavidin conjugate Qdot 525 (green), 
endocytosed vesicles by FM4-64FX (red), and nuclei by DRAQ5 (blue) 
with sites of colocalization visible as yellow (white scale bar 10 µm). 
Transmission electron microscopy (b) of RAW264.7 cells exposed to 
polymer conjugate 118K Biotin-10 complexed with 10nm streptavidin-
gold particles (black scale bar 100 nm). 
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plasma membrane-localized FM4-64 and thus demonstrates that the scaffold is 

endocytosed from the plasma membrane. 

 
Table 2.2. Confocal analysis 

Samplea Number spots 
colocalized 

Total 
Brightness 

Average spot 
brightness 

118K Biotin 42±5 38930±7100 956±320 
118K-10 
Biotinb 17±11 11567±9700 523±210 

(a) three independent trials were conducted and images selected were representative 
examples from each trial. (b) one of these samples showed no colocalization spots so 
the standard deviation given is for the two positive samples. 

 

Transmission electron microscopy (TEM) was used to corroborate that the 

polymer conjugates were indeed localized within endocytotic vesicles. Biotinylated 

118K Biotin-10 (or the non-biotinylated 118K-10) was mixed with streptavidin-gold 

nanoparticles (at a 100:1 polymer:particle mixing ratio in order to limit labeling of the 

polymer scaffolds to a single (or a very low number of) gold nanoparticle(s)) prior to 

addition to cells. Figure 2.10b shows a representative image of a cell from the 118K 

Biotin-10 samples and clearly shows the gold-labeled 118K Biotin-10 within two 

distinct membrane-bound endocytic compartments with sizes appropriate for early or 

late endosomes and matching those in Figure 2.10a. Twelve independently selected 

cells were imaged for both sample and control, and the number of endocytosed gold 

particles counted. Analysis demonstrates the number of endocytosed gold particles in 

the cells treated with the biotinylated 118K Biotin-10 (28±20) is statistically different 

(p=0.00071) from the number of nanoparticles in cells treated with the non-
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biotinylated 118K-10 control (5±5), indicating that the uptake of the gold 

nanoparticles is mediated by uptake of the biotinylated, ODN-modified polymer, 

rather than by aggregates of free gold nanoparticles.  The conclusion that gold 

nanoparticle uptake is mediated by the polymer scaffold is further substantiated by the 

fact that in the 118K Biotin-10 samples, which can bind to the gold particles through 

the biotin-streptavidin interaction, no gold nanoparticle aggregates were observed.  In 

contrast, aggregates were common in 118K-10 samples in the absence of biotin-

streptavidin interactions, owing to the high aggregation propensity of free gold 

nanoparticles (data not shown). The combination of the flow cytometry, confocal 

microscopy, and TEM data clearly illustrate that the ODN-modified scaffold is 

actively internalized and that endocytotic events localize conjugate within vesicular 

compartments.  The microscopy images also show that the conjugates are localized in 

defined, vesicular-sized areas within the cell; the lack of diffuse cytoplasmic 

distribution indicates the lack of endosmolytic breakage.  

 

2.3.4 RAW264.7 cell-line response to ODN-PAA conjugates 

 

Murine-derived RAW264.7 cells are the standard cell-line for TLR9 studies 

due to their expression of TLR9 and their macrophage-like characteristics.(155, 157, 

183) These cells were cultured and exposed to ODN–PAA conjugates of multiple 

valencies and the cell supernatants were analyzed by ELISA for murine TNF-α and 

IL-6.  These two cytokines are both type I inflammatory cytokines and are secreted by 

cells in response to TLR9 activation by CpG motifs in pathogen DNA.(16)  
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Figure 2.11  Cytokine release at 8 hours from RAW264.7 cells by ODN 1668 (a and 

b) and DNA conjugates (c and d). Comparison of TNF-α (a and c) and 
IL-6 (b and d) release for ODN 1668 in µM DNA and conjugates or 
controls by normalized concentration DNA at 16.6nM (closed bar), 
100nM (crosshatched bar), and 200nM (open bar). Concentration of 
118K is the PAA concentration for conjugate 118K-1 (200nM, 100nM, 
or 16.6nM). Error bars represent the standard deviation from the average 
of three independent experimental trials and ≥6 independent 
measurements. # statistically different from the 118K-10 conjugate 
(p=0.02). ## statistically different from the 118K-10 and 118K-3 
conjugates (p≤0.003). * statistically different from the 118K-10 
conjugate (p<0.0001). ** Statistically different from conjugate 118K-10 
(p<0.0001) and statistically different from conjugate 118K-3 (p≤0.0148). 



 
 
 
 
 
 

78 

Figure 2.11 shows the TNF-α and IL-6 responses, at 8 hours, to free ODN (Figures 

11a and 11b respectively) compared on the same scale to the cytokine responses to 

polymer conjugates 118K-1, 118K-3, 118K-10 (all normalized to ODN 

concentration), and controls (PAA, monomeric ODN, monomeric GC-ODN, and a 

GC-ODN-containing PAA) (Figures 11c and 11d).  The controls include the polymer 

conjugate 118K-10GC (comparable in construction to 118K-10), equipped with the 

control ODN sequence 1668GC that is not competent for TLR9 activation; this 

conjugate shows no cytokine expression above the PAA controls.  Both Figure 2.11a 

and 11b show the expected increased cytokine excretion with increasing free ODN 

concentrations (1µM, 2µM, 6µM, 7µM, 8µM, and 10µM).  Figures 11c and 11d show 

the cell response to conjugates 118K-10, 118K-3, and 118K-1 (at ODN concentrations 

of 16.6nM, 100nM, and 200nM), and illustrate the lack of cytokine secretion from 

cells exposed to the negative ODN-PAA control (GC motif), the unmodified PAA, or 

the monomeric ODNs at these concentrations.   

The TNF-α response (Figure 2.11c) shows an increase in cytokine secretion 

with increasing conjugate concentration for all samples in this concentration range, 

indicating the sensitivity of the cells to the polymer-bound ODN.  The data also show 

that the conjugate 118K-1 (with a single polymer-bound ODN) elicits greater TNF-α 

production relative to that elicited by the free 1668 CG ODN. This could result from 

higher resistance to exonucleases activity for the polymer-bound ODN conjugate, 

consistent with the fact that exonucleases degrade DNA from the 3’ terminus(83), and 

that this terminus was used for conjugation of the ODN to the PAA scaffold. Increased 

cellular uptake could also be the source of this enhancement, however, the labeling 
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strategy used here does not allow direct comparison to single ODN in flow cytometry 

and confocal analysis. A modified detection strategy is currently being used to address 

the origin of increased TNF-α production in response to the 118K-1 conjugate. Both 

the 118K-10 and 118K-3 polymer conjugates show statistically significant increases 

in TNF-α production over 118K-1 at ODN concentrations of 100nM (p≤0.003). The 

118K-10 polymer conjugate also shows a statistically significant increase in cytokine 

release (TNF-a) compared to that of 118K-1 at an ODN concentration of 200nM 

(11605±3650 pg/ml vs. 5599±4960 pg/ml; p=0.02), indicating that higher valencies 

elicit increased cytokine responses normalized for ODN concentration. Although the 

detection method employed here is not quantitative, it is likely that the higher-valency 

scaffolds have lower intracellular concentrations than the low-valency scaffolds, given 

the necessary differences in the scaffold concentrations required to normalize ODN 

concentration. Thus, the higher valency scaffolds may be more potent activators of 

TNF-a production than indicated by these data. Current studies are focused on 

determining relative intracellular concentrations for conjugates of differing valency. 

Regardless, comparison of the DNA concentrations required to elicit similar cytokine 

responses (for the conjugates versus the free ODN) suggests that the conjugates are at 

least 100-fold more potent for cytokine production and that this potency is related to 

valency.   

Comparisons of Figures 11b and 11d illustrate that the enhancement in IL-6 

expression for the conjugates relative to the free ODN is perhaps even more striking.  

Here, enhancement in cytokine production by the polymer conjugates is highly 

dependent on the ODN valency (all samples are normalized to ODN concentration) 
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and both 118K-3 and 118K-10 show significant increases in immunostimulation as 

indicated by IL-6 production. Conjugate 118K-10 (482±165pg/ml) shows statistical 

significance over 118K-3 (179±38pg/ml) and 118K-1 (13±6pg/ml) (p<0.0001) and 

118K-3 shows significance over 118K-1 (p≤0.0148).  Comparisons of the IL-6 

production between the free ODN and conjugates (Figures 11b and 11d) show that 

conjugates 118K-3 and 118L-10 elicit the same (or even 2-fold greater) IL-6 response 

as a free ODN at 100-fold lower concentrations (100nM vs. 10µM).  We are currently 

exploring the biological implications of this altered cytokine profile.  

 

 

 
 
Figure 2.12 The effect of TLR9 siRNA knockdown on stimulation of untreated, 

TLR9 knockdown, or mock transfected RAW264.7 cells. Figure shows 
the TNF-α (pg/ ml) measured by ELISA of untreated (dark grey), TLR9 
knockdown (white), or mock transfected (light grey) RAW264.7 cells by 
ODN 1668 (2.5 µM), conjugate 118K-10 (200 nM), and LPS (100 
ng/ml). Error bars represent the standard deviation from the average of 
three independent samples. ** Indicates statistically relevant difference 
(p<0.003). 
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To ensure that the enhanced immunostimulation of these novel ODN-polymer 

conjugates is indeed mediated through TLR9 and not other PRRs, we employed 

siRNA to silence TLR9 mRNA and evaluate the effect of knockdown on RAW264.7 

stimulation (Figure 12).  The TNF-α concentrations in the media were analyzed via 

ELISA for untreated (dark grey), TLR siRNA-treated (white), and mock siRNA-

treated (light grey) cells exposed to ODN 1668 (2.5 µM), conjugate 118K-10 (200 nM 

in ODN), and LPS (100 ng/ml) (Figure 12). As is illustrated in the data, treatment of 

the cells with TLR9-silencing siRNA results in an over 90% decrease of the observed 

TNF-α response versus that observed for untreated cells, for both ODN 1668 and 

118K-10 (p<0.01); no such decrease in TNF-α response was observed for the mock 

samples. We also monitored knockdown by RT-PCR, confirming that siRNA 

treatment also significantly lowered TLR9 mRNA levels in stimulated cells (Figure 

13). These data pinpoint TLR9 as the immunological target of these novel ODN-PAA 

conjugates. 

As a further test of the utility of these PAA-ODN conjugates, we have 

confirmed the immunostimulatory impact of these novel ODN-PAA conjugates on 

GM-CSF-matured, murine bone marrow-derived macrophages (BMDM).  A titration 

of the ODN 1668 (panel a) was used to compare the levels of IL-6 expression in 

BMDM treated with monomeric ODN to that of cells treated with the conjugate 118K-

10 (Figure 14).  Panel (a) illustrates the levels of IL-6 production for GM-CSF  
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Figure 2.13 The effect of TLR9 siRNA knockdown on TLR9 mRNA levels.  Figure 

shows the relative change in the amount of TLR9 mRNA for untreated, 
TLR9-transfected, or mock-transfected RAW264.7 cells with or without 
stimulation by 200 nM conjugate 118K-10. * Statistically different 
(p<0.01). 

 

maturated macrophages exposed to various ODN concentrations (1 to 10 µM), as 

assayed by ELISA.  Panel (b) shows the concentrations of IL-6 produced by GM-CSF 

maturated macrophages exposed to conjugate 118K-10 (dark grey), ODN 1668 (light 

grey), and the control ODN 1668 GC (white) at ODN concentrations of 200 nM, 100 

nM, and 6.3 nM.  As illustrated via comparisons of the IL-6 production, conjugate 

118K-10 elicits similar IL-6 expression at a concentration approximately 10-fold 

lower than the monovalent ODN 1668 (Panel b).  These results validate, in primary 

macrophages, the enhanced immunostimulation of the multivalent ODN-PAA 

conjugates suggested by results in the RAW264.7 cell line. 
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Figure 2.14  ODN 1668 titration (a) and response to conjugate 118K-10, ODN 1668, 

and ODN 1668 GC (b) for GM-CSF matured murine macrophages as 
determined by IL-6 ELISA 8 hours post treatment. Panel (a) shows the 
IL-6 response at 8 hours for primary macrophages at the specified 
concentration of ODN 1668 in µM. Panel (b) is the IL-6 (pg/ml) at 8 
hours for conjugate 118K-10 (dark grey), ODN 1668 (light grey), and 
ODN 1668 GC (white). Error bars represent the standard deviation from 
the average of three independent samples. 
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When comparing the activity of these ODN-PAA conjugates to that of other 

complex displays of DNA described in the literature, conjugates 118K-3 and 118K-10 

elicit a greater fold increase over monomeric ODN of TNF-α, than any other complex 

of comparable concentration. Rattanakiat et al. demonstrate a 15- to 20-fold increase 

in TNF-α (at 8 hours) for a 12-functional hybridized DNA dendritic structure,(157) 

while 118K-10 shows an 35-fold increase at comparable concentrations. Nishikawa et 

al. and Li et al. observed 6- and 15-fold increases for 3-functional Y or tetrahedral-

structured displays,(152, 155) while 118K-3 demonstrates a 85-fold increase at 

comparable concentrations. It is also important to note that the relative increases of 

TNF-α production in our studies are greater than those of other reports, despite the 

fact that the ODN employed in our studies is significantly less potent that those used 

in the above reports (which contain multiple CG motifs).(89) Taken together, 

comparison of our data with these previous studies illustrates the substantially 

enhanced potency of these simple ODN-PAA conjugates versus any other multivalent 

ODN displays yet reported. 

The IL-6 results from our studies (8 hours) are difficult to compare directly 

with other published results, due to the fact that IL-6 is commonly assayed at later 

time points (24 or 36 hours) because its ODN-induced expression is kinetically slower 

compared to that induced by other PRR stimuli.(26) Despite the earlier time point 

utilized in our studies (8 hours), we observe 100-fold increases in IL-6 expression 

(multivalent vs. monomeric) for the conjugate 118K-10 compared to the previously 

reported 5-fold increase observed for a 12-functional dendritic structure.(157) 

Conjugate 118K-3 shows a 30-fold increase, compared to a 10-fold observed by 
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Nishikawa et al. and an approximately 20-fold increase observed by Li et al. for ODNs 

at comparable concentrations.(152, 155) We have preliminary data (not shown) 

suggesting that the production of IL-6 at 24 hours is increased over 1000-fold for both 

118K-3 and 118K-10 at 100nM, values much greater than those of any previously 

reported immunostimulatory complexes.  The most critical point of comparison is the 

change in IL-6 expression observed with increasing valency for the ODN-PAA 

conjugates.  The IL-6 concentrations elicited by 118K-3 are at least 13-fold greater 

those elicited by 118K-1 at all ODN concentrations, while enhancements reported 

previously by Li et al. for a 3-functional structure are only 1.5 fold greater than the 

monofunctional structure.(152) We observe IL-6 concentrations 2.5-fold greater for 

cells stimulated with 118K-10 versus 118K-3 (even at normalized ODN 

concentrations), further highlighting the importance of ODN valency.   Taken together 

with previously reported studies, the data reported here illustrate that, at the very least, 

expression of IL-6 occurs more rapidly in cells exposed to PAA-ODN conjugates of 

multiple valency than is commonly reported for other multivalent DNA displays.  

These PAA-ODN conjugates represent useful probes of biological function 

that may inform the design of potential therapeutics.  As introduced above, no non-

aggregated, polymer-based ligands have been previously used to study TLR9 ligand 

recognition.  A significant advantage of the polymer-based approaches versus those 

based on aggregation or DNA-origami (in addition to the demonstrated increased 

immunostimulation that the polymer carriers provide), is the substantially enhanced 

versatility to control both carrier size and valency; this versatility is likely to offer 

highly attractive routes to finely tune and understand immunostimulatory responses.  
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Should their use as therapeutics be recommended in the future, the scaffolds could be 

easily modified to contain degradable esters or other hydrolyzable bonds that would 

promote decomposition to below the renal filtration threshold (ca. 30-40kDa). 

Increasing the response to ODN by cells of the innate immune system may aid current 

efforts to expand vaccine supplies, and the reduction in the quantity of ODN required 

to elicit an immune response will ensure lower cytotoxicity and cost.(103) 

 

2.4 Conclusion 

We have described the synthesis of a novel poly(acrylic acid)-

oligodeoxynucleotide conjugate that can control the presentation of ODN by 

variations in valency or polymer size.   By monitoring the in vitro response of the 

macrophage-like RAW264.7 cell line to these polymers, we have demonstrated that 

increasing the valency of the ODN conjugates increases the potency of these scaffolds, 

for eliciting cytokine responses, that are up to 350-fold greater than that of monomeric 

ODN. We also show that the quality of the activation increases with increasing 

valency, eliciting high TNF-α and much higher IL-6 production compared to that of 

the free ODN and polymers bearing a single ODN. TLR9 silencing by siRNA 

confirms that the immunological properties of these conjugates are mediated by TLR9. 

Current and future studies include the elucidation of the rules governing cytokine 

secretion profiles for ODN–PAA conjugates of differing sizes and valences, the role of 

these factors in inhibition of cytokine secretion, and detailed comparative analysis of 

intracellular concentrations. 
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2.6 Supplementary Information 

 

 

 
 
 
Figure 2.15 Plot of log (mass template) vs, Ct value for TLR9.  Slope used for 

efficiency determination. 
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Figure 2.16 Plot of log (mass template) vs, Ct value for ß-Actin.  Slope used for 

efficiency determination. 
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Chapter 3 

DIVERGENT TOLL-LIKE RECEPTOR 9-MEDIATED CYTOKINE 

PROFILES ARE MODULATED BY CPG OLIGONUCLEOTIDE LIGAND 

DENSITY 

 

 

3.1 Introduction 

Toll-like receptor 9 is a member of the leucine-rich repeat and toll-like 

receptor families which is responsible for the immunological detection of bacterial 

DNA and CpG oligonucleotides (ODN).(71, 208, 209) TLR9 transits from the 

endoplasmic reticulum to endolysosomal compartments, aided by the chaperones 

UNC93B1 and heat shock protein gp96, where it colocalizes with and signals 

activation by DNA or ODN possessing unmethylated CpG motifs.(40, 43, 210) TLR9 

activation promotes antigen presentation and TH1 skewed inflammatory processes.(16, 

35, 57-60) However, improper activation or disregulation has been implicated in 

autoimmune diseases such as systemic lupus erythematosus, psoriasis, heart disease, 

Sjogren’s syndrome, and rheumatoid arthritis.(97, 113, 114, 116) TLR-9 agonist CpG 

oligonucleotides (ODN) are currently under investigation as vaccine adjuvants for 

Hepatitis B and C, allergy immunotherapy, and cancer immunotherapy.(4)  
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TLR9 agonists currently under investigation are 18-24 base pair, single 

stranded oligonucleotides comprising, at least partially, of a phosphorothioate (PS) 

backbone.(4) PS modification of ODN increases the strength of hydrophobic protein 

interactions, significantly increases nuclease resistance and alters biological properties 

such as enforcing the need of a CpG motif (not strictly necessary for natural 

phosphodiester DNA).(93, 94, 211) There are currently four classes of ODN, all with 

different aggregation potentials and secondary structure.(83) These classes originate 

from the observations that CpG ODN containing poly(guanosine) segments selectively 

stimulated plasmacytoid dendritic cells (pDC) to express very high quantities of type I 

interferon (IFN).(45) These ODN did not elicit IFN from B cells, the other major 

TLR9-expressing human cell subset, which required non-aggregating sequences, and 

promoted cell maturation for both B cells and pDC.(212) Several other observations 

have indicated that differences in aggregation or spatial presentation influence TLR9 

ligand recognition, including length-dependent responses.(89) A recent report suggests 

that bacterial DNA and ODN have unique receptors responsible for endocytosis.(54) 

For these reasons, we choose to examine the role of spatial presentation and number of 

ODN in TLR9 engagement and activation. 

Recognition of multivalent displays of a ligand is a common biological 

strategy to increase specificity and meet signaling thresholds of a required minimum 

of receptor interactions, and is commonly employed in carbohydrate-protein 

interactions.(173, 213, 214) Synthetic or engineered probes have been previously used 

to elucidate multivalent interactions in bacterial chemotaxis(215), B-cell 

activation(171), B-cell tolerance(166), sperm binding(167), clathrin-coated pit 
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formation(159), and T cell receptor signal transduction.(158) Previously we reported 

the design of multivalent scaffolds of ODN to probe the specificities of TLR9 ligand 

recognition; these approaches were employed to discern any role of receptor clustering 

or organization and to determine if significant increases in cytokine expression could 

be triggered by multivalent displays of ODN on a polymeric scaffold.(216) 

Here, we report a systematic investigation of the role of valency on the 

observed inflammatory response by RAW264.7 macrophages to multivalent ODN-

poly(acrylic acid) (PAA) conjugates.  We utilized quantitative fluorescent labeling of 

the scaffold and flow cytometry to determine relative intracellular concentration to 

correlate those concentrations with cytokine expression induced by the conjugates 

(ELISA). Cellular responses to TLR9 activation show that there is a critical valency 

for significant induction of IL-6, TNF-α and IL-10, and that this threshold is related to 

only valency, not endocytosis or scaffold intracellular concentration. We additionally 

demonstrate a linear relationship between the density of ODN displayed on the PAA 

scaffold and IL-10 expression. In contrast, TNF-α shows an inverse relationship 

between density and expression, but only for higher molecular weight scaffolds.  High 

TNF-α correlates with low density and concomitant IL-10 expression. This defines 

two key parameters, valency and density, as critical when considering the 

development of CpG ODN-based therapies. 
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3.2 Experimental 

 

3.2.1 Materials   

 

Poly(acrylic acid) of 44 kDa and 124 kDa molecular weight (MW),  with PDI 

of 1.08 and 1.24 respectively, was purchased from Polymer Source (Dorval, Quebec) 

and purified via precipitation in 0.1 M HCl, dissolution in H2O, filtration through a 

0.22 µm PES membrane, lyophilization, and then precipitation in ether from an 

acetone/isopropanol 50/50 solution. Centrifugal filtration units (30 kDa molecular 

weight cutoff) were purchased from Millipore (Bilerica, MA) and washed with sterile 

filtered 30% ethanol before use.  Fetal bovine serum was purchased from MP 

Biomedical (Santa Ana, CA) and heat inactivated. All other reagents were used 

without further modification. The following were purchased from Sigma Aldrich (St. 

Louis, MO): molecular grade sodium chloride, N-(2-aminoethyl)maleimide 

trifluoroacetate salt (NEAM) (>95%), dimethyl sulfoxide (≥99%), Ultra TMB HRP 

substrate, anhydrous sodium phosphate, 1-hydroxybenzotriazole hydrate (HOBT) 

(97%), triethylamine (TEA) (≥99%) and N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) (>99%).  SYBR II and Alexa Fluor 647 

hydrazide were purchased from Invitrogen (Grand Island, NY). O-(Benzotriazol-1-yl)-

N,N,N',N'-tetramethyluronium hexafluoro phosphate (≥99%) (HBTU) was purchased 

from Chem-Impex (Wood Dale, IL). From Fisher Scientific, (Pittsburgh, PA): 2-(N-
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morpholino)ethanesulfonic acid sodium salt (MES) (>99%), high melting temperature 

agarose, and NUNC maxisorp 96-well ELISA plates. All oligodeoxyribonucleotide 

(ODN), (sequences 1668AT CG (5’-TCCATGACGTTCCTGATGCTAT), negative 

control sequence ODN 1668AT GC (5’-TCCATGAGCTTCCTGATGCT AT), 3’-

thiolated 1668AT and 3’- Alexa Fluor 647 or 594 (HPLC purified)) were purchased 

from Integrated DNA Technologies (Coralville, IA).  

 

3.2.2 Proton nuclear magnetic resonance spectroscopy (1H NMR) 

 

All spectra were collected on a Bruker AVIII-600 spectrometer with a 5mm 

Bruker SMART probe.  NMR was performed at room temperature on samples 

dissolved in deuterium oxide (D2O) purchased from Cambridge Isotopes. For all 

polymer samples, 128 or 256 scans were used, with a D1 of 10 s and a 90° pulse 

program.  

 

3.2.3 Synthesis of Alexa Fluor 647-functionalized PAA 

 

Precipitated and lyophilized PAA (above) was dissolved at 10 mg ml-1 in 

DMSO.  To this solution, Alexa Fluor 647 hydrazide (AF647) and HBTU dissolved at 

10 mg ml-1, were added to yield a final molar ratio of 1:12 (AF647: HBTU). AF647 to 

PAA molar ratios were 1.5:1 or 2:1 for conjugates described. Triethylamine was added 

at a 75:1 molar ratio in excess to AF647. After 24 hours, the mixture was 

purified/transferred by centrifugal filtration in the following conditions (#washes/ 
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solvent): 3X or until 650 nm absorbance stable/ H2O, 3X/ 250 mM NaCl and 50 mM 

phosphate pH 8 and then a final 2 washes against H2O or D2O for proton NMR 

analysis. Before reaction with maleimide (section 3.2.4), the AF647-PAA was washed 

as above (3X with 75 mM MES pH 6.05). All solutions were prepared with molecular 

grade water and employed at a 1:50 volume ratio for each spin under sterile 

conditions. AF647 functionality determined by 1H NMR spectroscopy; patent 

applications allow chemical structure determination so that 6 unambiguous downfield 

protons from AF647 can be identified with quantitation (Figs. 4.S1 and 4.S2).(217-

219) To determine functionality, the fraction (area of downfield Alexa Fluor protons/ 

area of PAA backbone protons) was multiplied by the average number (1720 124 kDa 

PAA or 610 44 kDa PAA) of acrylic acid monomers per polymer. 1H NMR analysis 

was validated by UV-VIS spectroscopy, using ε=247000 cm-1mol-1 to determine the 

concentration of AF647. The functionality was calculated by dividing the moles of 

AF647 (UV-Vis) by the number of moles (determined gravimetrically); both the NMR 

and UV-Vis methods were in agreement. 1H NMR (D2O): δ= 7.8 (m, 4H, Alexa 

Fluor), δ=7.3 (m, 2H, Alexa Fluor), δ=1.7-2.25 (bp, C-CH-C, PAA), δ=1.1-1.7 (bp, C-

CH2-C, PAA).  

 

 3.2.4 Synthesis of maleimide-functionalized PAA 

 

Maleimide-functional polymer was synthesized as described previously.(216) 

Briefly, AF647 labeled poly(acrylic acid), EDC, HOBT, and NEAM at a concentration 

of 10 mg ml-1, were all transferred/dissolved separately into a 75 mM MES solution 
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buffered at pH 6.05.  All solutions were filter sterilized. The EDC, HOBT, and NEAM 

were added immediately at a molar ratio of 1:3:4 respectively. The amount of EDC 

employed , as a molar % of all acid, was 8% for 124K-30, 124K-11 and 124K-5 and 

6.5% for 44K-12, 44K-7, 44K-5, 44K-4, 44K-3 44K-2 and 44K-1. The reaction was 

conducted under nitrogen, and purified/ transferred via centrifugal filtration to the 

DNA reaction buffer (50 mM sodium phosphate, 11 mM citrate, 5 mM EDTA at pH 

6.6 (degassed)). This maleimide functional polymer was used immediately for 

synthesis of ODN-PAA. 

 

3.2.5 Synthesis of ODN-functionalized PAA  

 

ODN-PAA synthesis was described previously.(216) Briefly, 3’ thiol-modified 

ODN and DTT were added to a 125 mM phosphate buffer at pH 7.5 to achieve a 

molar ratio of 25:10:1 (Phosphate:DTT:ODN ); the ODN and DTT were incubated for 

one hour. After incubation, this solution was gravity filtered, via size exclusion 

chromatography, using sterilized G 15 resin (10X resin to solution volume). The 

eluate was fractionated and fractions tested for the presence of DNA by UV 

absorbance (NanoDrop 2000 Wilmington, DE). DNA-positive fractions were 

combined with maleimide-functionalized polymer from dialysis at ODN:PAA ratios 

(theoretical yield at 100% reaction) listed in Fig 3.1c. This reaction mixture was 

placed in a ported bell jar, vacuum purged 3 times with nitrogen with constant stirring, 

and incubated under nitrogen for 5 days. The polymer control samples (PAA) were 

diluted 2X into 200 mM pH 8 phosphate buffer and incubated for 24 hours to remove 
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any residual maleimide. This ODN-free control polymer (44K or 124K) was purified 

as stated in section 3.2.6. 

3.2.6 UV characterization of ODN-PAA conjugates  

 

Reaction mixtures (from above) were diluted with 50 mM phosphate pH 8 

buffer made with molecular grade water (Mediatech, Manassas, VA). This solution 

was filter-sterilized and passed through a centrifugal filter. After filtration, the volume 

was brought back to 4 ml with molecular grade water and with passage again through 

a centrifugal filter. This process was repeated until the absorbance at 260 nm was 

stable. The residual high molecular weight conjugates were analyzed by UV-Vis 

spectroscopy on a NanoDrop 2000 (Wilmington, DE). The 260 nm absorbance values 

allow determination of DNA concentration by the calculated extinction coefficient 

(201,800cm-1mol-1 and 200,400cm-1mol-1 for the CG and GC sequences respectively 

(193, 194)); for each synthesis the DNA functionality of the polymer is equal to the 

DNA concentration of the HMW fraction divided by the polymer concentration. The 

polymer concentration (UV-Vis) was determined by diving the AF647 concentration 

(Alexa Fluor 647 ε=247000 cm-1mol-1) determined via UV-Vis by the number of 

AF647 per PAA determined via NMR described above. The DNA concentration in the 

low-MW fractions was also monitored; the total amount of DNA recoved in all 

fractions corresponded to the total ODN initially employed during the reaction.  

 

3.2.7 Cell culture 
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RAW264.7 cells (ATCC, Manassas, VA) were cultured on tissue culture 

polystyrene plates (Cell Treat; Shirley, MA) in DMEM supplemented with 10 mM 

HEPES, 55 µM β-mercaptoethanol, antibiotic/ antimycotic, and sodium pyruvate 

(Invitrogen, Grand Island, NY)), and 10% fetal bovine serum (Mediatech, Manassas, 

VA). Cells were not cultured past passage 8 and were maintained at between 20 and 

90% confluence. Passage was accomplished by a wash with calcium- and magnesium-

free PBS and scraping. 

 

3.2.8 Stimulation of RAW264.7 macrophages by ODN-PAA conjugates 

 

RAW264.7 cells were seeded the night before the experiment, at 75,000 cells 

well-1, in a 96-well tissue culture plate. Media was removed from plates and the wells 

were washed with sterile PBS before addition of the solutions containing the 

conjugates. ODN and conjugates were heated to 95°C and flash cooled to 4°C before 

addition to media to remove secondary structure.(220) Conjugates, ODN 1668, and 

controls were diluted into media at a concentration of 150 nM (or as specified) at a 

final volume of 200 µL per well. Conjugates were added to the cultured cells, and 

after 6, 12 or 24 hours, the supernatant was removed and frozen for later ELISA 

analysis. 

  

3.2.9 Enzyme-linked immunosorbent assay (ELISA) 
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Analysis of supernatants collected from experiments described above was 

performed by ELISA on samples diluted with 10% FBS in PBS to measure 

concentrations within the assays liner range.  Monoclonal antibody sets for murine IL-

6, IL-10 and TNF-α were purchased from Becton Dickinson (BDbiosciences; San 

Jose, CA), and used with adherence to the provided protocol. Values represent two 

independent measurements at two different concentrations for 3 or 4 separate 

biological repeats.  Absorbance measurements were measured using a Perkin Elmer 

VICTOR3V multilabel counter (Perkin Elmer; Waltham, MA). 

 

3.2.10 Nuclease degradation assay 

 

Kinetic nuclease degradation was measured for both monomeric and 

conjugated ODN via Exonuclease T (3’ exonuclease) and Exonuclease V (5’ 

exonuclease and endonuclease) (New England Biolabs, Ipswich, MA). Reactions were 

assembled to include 9.9E-11 moles of ODN (oligo and conjugate) and the 

components (specified below) for nuclease activity to a final volume of 10 µL. 

Enzyme used was diluted 1:19 (Exo T) and 1:44 (Exo V) in supplied reaction buffer 

(#4). 2 µL of the dilution was used to provide 0.50 and 0.44 activity units per reaction 

for Exonuclease T and V respectively. Immediately after dissolution, reactions were 

conducted at room temperature (Exonuclease T) or 37°C (Exonuclease V) and at the 

indicated time, quenched by addition of 2 µL stop buffer (275 mM EDTA, 1.5 wt% 

SDS pH 7) and boiled for 10 minutes. From this inactivated reaction, 2 µL was 

removed and combined with 6X loading buffer, 0.5 µL SYBR II stain (Invitrogen, 
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Grand Island, NY) and brought to 12 µL final volume with PCR grade water 

(BioExpress, Kaysville, UT). This solution was loaded on an 0.8% agarose gel and run 

for 45 minutes at 60 mV.  Gels were immediately imaged for fluorescence on a 

Typhoon 9410 (GE Healthcare Biosciences, Pittsburgh, PA); excitation 457 nm (laser) 

and emission 520 nm. Images were saved as *.tiff flies, look-up tables reversed, and 

bands measured using Image J64 (area kept static). Time 0 is the 0% degradation 

value. Each time point (0, 0.5, 2, 5 and 8 hours) represents 3 independent replicates.  

 

3.2.11 Endocytosis Analysis  

 

Flow cytometry was used for analysis of the relative intracellular concentration 

of ODN and ODN-PAA, in addition analysis of the kinetics of endocytosis of the 

ODN and ODN-PAA conjugates. RAW264.7 cells were cultured as described above. 

The day of the experiment, cells were washed with phosphate buffered saline (PBS) 

(no calcium or magnesium), with a second wash for 5 minutes followed by cell 

scrapping. Live cells were counted using trypan blue and control cells treated with 

ethidium homodimer (Invitrogen; Grand Island, NY) for 5 minutes to mark dead cell 

forward scatter/ side scatter (FSC/SSC) parameters for exclusion from flow cytometry 

analysis (<2%). Treated cells were aliquoted at a concentration of 500,000 cells per 

tube (Falcon 352054).  These cells were centrifuged (300g for 5 minutes room 

temperature) and resuspended in 500 µL 37°C DMEM containing 250 nM conjugate 

(normalized by ODN) or Alexa Fluor 647 ODN and polymers 44K or 124K at 250 

nM. To ensure fluorescence values represent only endocytosis values, three replicates 
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were prepared in 4°C DMEM, and maintained at 4°C for 90 minutes to mark cell 

surface labeling. Treated cells were incubated at 37°C for 90 minutes, three 

centrifugation and wash cycles at 4°C, resuspended in 300 µL 4°C flow buffer 

(phosphate buffered saline, 1% BSA, and 2.5 mM EDTA pH 7), and incubated on wet 

ice until measurement. The intracellular fraction is the difference in the mean 

fluorescence values at 37°C and 4°C; this difference is the number reported. 

 

3.2.12 Inhibition of endocytosis 

 

The mechanism of endocytosis was analyzed using the drug 

monodansylcadaverine, which inhibits clathrin-mediated endocytosis. RAW264.7 

cells were cultured as described above. The day of the experiment, cells were washed 

with PBS (no calcium or magnesium), with a second wash for 5 minutes followed by 

cell scraping. Live cells were counted using trypan blue. Treated cells were aliquoted 

at a concentration of 500,000 cells per tube (Falcon 352054).  These cells were 

centrifuged (300g for 5 minutes room temperature) and resuspended in 250 µl 37°C 

DMEM containing the drug monodansylcadaverine (MDC) at the concentration 

specified (or just in DMEM for control cells) and were incubated at 37°C for 30 

minutes to pretreat cells.  After 30 minutes pre-warmed DMEM (250 ml) containing 

MDC at the concentration specified (and two times the working concentration of 

Alexa Fluor 647 conjugate or ODN), was added to cells; working concentrations 

employed were 250 nM conjugate (normalized by ODN), polymers 44K or 124K at 

250 nM or 1.75 µM fluorescent 1668. After 30 minutes, cells were processed with 
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three centrifugation/ PBS wash cycles at 4°C, resuspended in 300 µL 4°C flow buffer 

(phosphate buffered saline, 1% BSA, and 2.5 mM EDTA pH 7), and incubated on wet 

ice until measurement. The percent inhibition reported is the percent reduction in the 

geometric mean fluorescence compared to that of untreated cells. Cell detection was 

conducted on a BD LSR II cell analyzer (BDbiosciences, San Jose, CA); a total of 

10,000 events were collected within a gate set using FSC/ SSC parameters determined 

above. Each sample (replicates of three) was analyzed (FlowJo software, Tree Star; 

Ashland, OR) to determine the geometric mean fluorescence intensity. 

 

3.2.13 Conjugate endocytosis and subcellular localization 

 

Confocal microscopy and immunocytochemistry were used to probe the 

colocalization of endocytosed conjugates and ODN with the endosomal markers early 

endosomal antigen 1 (EEA-1) and lysosomal-associated membrane protein 1 (LAMP-

1). RAW264.7 cells were seeded at 300,000 cells per coverslip on super resolution 

quality coverslips (Schott, Germany) placed in the bottom of a standard 12-well plate 

(Corning, Tewksbury, MA) the day before the experiment. This seeding density gave a 

confluence of approximately 80-90% for the experiment. Cells were carefully washed 

once with PBS prior to use. Either 44K-2 or Alexa Fluor 594 ODN 1668 (brighter and 

more stable than Alexa Fluor 647) were applied to cells in the 12-well plate at 1 µM 

and 4 µM, respectively. After the time indicated, media was aspirated and cells were 

washed twice with 2 ml 4°C PBS. Cells were then immediately fixed for 10 minutes 

using 4% recently depolymerized paraformaldehyde and washed 2 times using PBS 
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with 0.05% Tween 20 (PBS-T). Permeabilization was accomplished using 0.4% Triton 

X-100 for 10 minutes, and cells were washed twice with 2 ml PBS. Cells were blocked 

by treatment with 100mM glycine in PBS-T for 20 minutes and aspirated, and then 

were treated for 1 hour with 2% bovine serum albumin (BSA), 5% Donkey Serum 

(Invitrogen), 0.1% Triton X-100 in PBS-T at room temperature (or overnight at 4°C).  

EEA-1 and LAMP-1 were labeled using Santa Cruz antibodies E-8 and E-5, 

respectively, at a dilution of 1:40 in 1% BSA, 1% Donkey Serum, and 0.25% Triton 

X-100 overnight at 4°C.  Cells were washed twice with 2 ml PBS for 15 minutes each 

wash.  Secondary Alexa 488 donkey anti mouse (Jackson Immunolabs) was diluted at 

1:150 into PBS-T, applied for 1 hour, and again washed twice for 15 minutes with 2 

ml PBS-T (PBB-Tween 20) at room temperature. Coverslips were removed from the 

12-well plate, dried by blotting the edge with adsorbent paper, and applied to 

microscopy slides (Fisher Scientific) with prolong gold (Invitrogen). Slides were 

allowed to dry for two days in the dark and were then stored at 4°C until imaged. 

Imaging was conducted using a 780 Zeiss confocal microscope with 32 channel ultra 

sensitive GaAsP detectors (Carl Zeiss Microscopy; Thornwood, NY) with a 40 X 

water lens (1.2 NA) with all images at 1056x1056 pixels. Z-stacks used for 

colocalization analysis are comprised of the 25-28 images with identical imaging 

settings. Four imaging locations were chosen randomly to prevent bias. The images 

were imported into Volocity (Perkin Elmer; Waltham, MA) and each Z-stack analyzed 

for pixel colocalization from the EEA-1 or LAMP-1 Alexa Fluor 488 channel with the 

44K-2 or Alexa Fluor 594 ODN 1668 channel. Colocalization detection parameters 

were limited to sizes of 300 nm to 500 nm and a brightness empirically determined to 
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yield only events detectable upon manual inspection. These parameters, once set, were 

used for all images of the same primary antibody.  

 

3.2.14 siRNA transfection 

 

Transfection was accomplished using the Qiagen HiPerFect reagent and 

protocol. Briefly, RAW264.7 cells (75 µL) were plated in a Costar 48-well cell culture 

plated at 150,000 cells well-1 in culturing media before transfection. TLR9-specific 

siRNA sc-40271 or control siRNA sc-37007 (Santa Cruz Biotechnology Santa Cruz, 

CA) was diluted to a concentration of 100 nM in 75 µL OptiMEM (Gibco), with 

addition of 3 µL HiPerFect and mixing by vortexing. Samples were incubated for 10 

minutes at room temperature. After incubation, the siRNA mixture was added 

dropwise to media containing cells and mixed by pipetting 3 times. Samples were 

incubated for 5 hours under cell culturing conditions and then supplemented with 300 

µL culturing media. Stimulation with 150 nM 44K or 44K-12, or with 1.5 µM ODN 

1668, was started 24 hours later. Supernatants were collected 24 hours after the start of 

stimulation and were assayed for TNF-α via ELISA. 

 

3.2.15 Limulus amoebocyte assay 

 

The fluorogenic limulus amoebocyte assay (Lonza, Allendale, NJ) was 

conducted on all materials in accordance with the manufacturer-provided protocol.  

Conjugates, purified polymer and ODN were tested for endotoxin and found to be < 
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0.1 endotoxin units ml-1 or 10 pg ml-1 at concentrations used in this work. The data is 

displayed in Fig. 3.14. 

 

3.2.16 Data analysis and statistics  

 

Statistical analysis was calculated on Kaleidagraph (Synergy Software, 

Reading, PA); statistical significance (p) was calculated via one-way ANOVA with 

post hoc Tukey’s analysis at the 99% confidence level. A minimum of three 

independent samples were used for analysis. All experiments were repeated a 

minimum of three times for validation. 

 

3.3 Results 

 

3.3.1 ODN-PAA conjugate design  

 

Poly(acrylic acid) of 44 kDa or124 kDa was employed as a negatively charged 

and highly water soluble scaffold for the presentation of single-stranded CpG  

oligonucleotides.  The synthesis scheme, relying upon the Michael-type addition of a 

3’ thiolated ODN to maleimide-functional PAA, is shown in Fig. 3.1a. This synthesis 

scheme was previously employed by us, demonstrating high efficiency, to develop a 

series of multivalent ODN-PAA conjugates.(221) A deviation from that reported 

synthesis is the conjugation of the fluorescent dye Alexa Fluor 647 (AF647) to the 

scaffold with the extent of labeling determined by proton nuclear magnetic resonance 
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spectroscopy (NMR). This internal molecular standard allowed more accurate 

determination of functionality via the characteristic UV-Vis absorbance  

 

 

 
Figure 3.1 The chemical synthesis scheme and molecular compositions, observed 

activities, and physical properties of ODN-PAA conjugates prepared for 
this work. A schematic representation of the synthesis scheme, a), 
showing the number of monomer units (n), fluorescent label (a), and 
ODN (x).  The observed biological properties for ODN, monovalent 
conjugate and multivalent conjugates is shown in b). The value of (x) 
and the corresponding density for each conjugate is shown in c). 

 

values of ODN 1668 (260 nm) and Alexa Fluor 647 (650 nm). The extent of AF647 

labeling by 1H NMR allowed calculation of the number of moles of polymer and the 

ODN functionality via division of the ODN concentration by the polymer 
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concentration (UV-Vis). The polymers prepared for this work, their ODN 

functionality and resulting density, are given in Fig. 3.1c.  

 

3.3.2 Competent TLR9 activation requires a minimal valency 

 

We had previously shown an IL-6 expression enhancement of 37-fold, much 

greater than the 2-fold TNF-α by increasing ODN-PAA conjugate valency from 1 to 

10.  We hypothesized that there was potentially a critical valency necessary for 

competent activation of TLR9, and thus used IL-6 expression as a measure.  

RAW264.7 macrophages were exposed to conjugates 44K-1, 44K-2, 44K-4, 44K-5, 

44K-7 (normalized to 150 nM ODN), ODN 1668AT (150 nM), polymer 44K and LPS 

(10 ng ml-1) for 12 (dark grey) and 24 hours (light grey), results are shown in Fig. 3.2. 

There is a steady increase in IL-6 expression with increasing valency from 44K-1 to 

44K-7.  However, there is a statistically significant difference between 44K-4 and 

44K-5 at 12 hours with 6 ±1 and 13 ± 0.5 pg ml-1 respectively (p = 0.0079) and at 24 

hours with 8 ± 2 and 17 ± 2 pg ml-1 respectively ( p = 0.0203).  These values are two-

fold different despite very similar valencies and identical ODN concentrations. 

Between 44K-2 and 44K-4 and between 44K-5 and 44K-7 there are no significant 

differences (^).  

Cytokine expression is proportional to intracellular concentration, so to 

determine if this was the source of the statistically relevant increase, we examined the 

relationship between IL-6 expression and intracellular quantity of scaffold, and 

therefore, ODN.  Using the relative scaffold concentrations and the known 
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functionality of the conjugates, the relative ODN concentrations can also be 

calculated. RAW264.7 cells were exposed to conjugates 44K-1, 44K-4, 44K-5 and the 

high valency 44K-12 (normalized to 150 nM ODN) along with AF647-labeled ODN 

1668AT (150 nM) for 90 minutes at 4°C or 37°C conditions. Subtraction of the 4°C 

values from the 37°C values provides a measure of the intracellular quantity of the 

scaffold by removing the surfaced labeled component.  Intracellular scaffold (dark 

grey) and ODN (blue) values are shown in Fig 3.3. The difference in ODN and 

conjugate endocytosis is striking with ODN 1668AT endocytosed 29-fold less than 

44K-1 (p < 0.0001).  Among the conjugates, 44K-1 has the highest relative scaffold 

endocytosis (p < 0.0001), with the trend of decreasing internalization with increasing 

valency.  Importantly, 44K-4 and 44K-5 are not significantly different in intracellular 

scaffold concentration. 44K-4 and 44K-5 do have relevant differences in delivered 

ODN (p < 0.0001), however, the higher valency 44K-7 (and 44K-12 data not shown) 

shows no discernable increase in observed IL-6 expression despite the higher valency 

and greater intracellular ODN concentration. These data demonstrate that the 

statistically significant increase in IL-6 expression for 44K-5 is due to the increase in 

valency from 3.8 (44K-4) to 5.3 (44K-5) and suggests maximal activation for a given 

scaffold, is achieved by an ODN valency which provides an optimal number of 

ligands for receptor complex activation. 
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3.3.3 IL-10 expression is directly proportional to ODN density, not 
valency 

 

With the observation that IL-6 expression was sensitive to an ODN threshold, 

we sought to determine if this also applied to other cytokines. Initial experiments 

indicated IL-10 expression induced by ODN-PAA conjugates were different  

 

 

 
Figure 3.2 Expression of IL-6 in response to ODN-PAA conjugates of increasing 

valency. RAW264.7 macrophages were exposed to polymer 44K (150 
nM), ODN 1668 (150 nM), 44K-1, 44K-2, 44K-4, 44K-5, 44K-7 
(normalized to 150 nM ODN) or LPS (10 ng ml-1). Cell supernatants 
were collected after 12 (dark grey) or 24 (light grey) hours and assayed 
for IL-6 concentration by ELISA. A significant difference in IL-6 
expression was only observed between 44K-4 and 44K-5 with p = 
0.0079 for 12 hours (*) and p = 0.0203 for 24 hours (#). No significant 
differences exist between conjugates of similar valencies (^). Error bars 
represent the standard deviation of the average of three independent 
samples.  
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Figure 3.3 The relative intracellular scaffold and ODN concentrations (Scaffold* 

ODN functionality) measured through fluorescence emission by flow 
cytometery. RAW264.7 macrophages were exposed to AF647 labeled 
ODN 1668 (150 nM), 44K-1, 44K-4, 44K-5 and 44K-12 (normalized to 
150 nM ODN) for 90 minutes. Values displayed are mean fluorescence 
intensity for cells treated at 37°C (intracellular), less cells treated at 4°C 
(surface labeling) for true intracellular concentration. Both the relative 
scaffold (dark grey) and ODN (scaffold * functionality) (blue 
crosshatched) quantities are displayed. No significant difference exists 
between 44K-4 and 44K-5 scaffold values (#). Significant difference p < 
0.0001 (*). Error bars represent the standard deviation of the average of 
three independent samples. 
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than that observed for IL-6. We assayed IL-10 expression in response to an expanded 

set of conjugates using scaffold of two molecular weights (44 kDa and 124 kDa).  The 

124kDa-based conjugates were synthesized to match valency (44K-5 with 124K-5 and 

44K-12 with 124K-12) as well as ODN density (44K-12 with 124K-30) to determine 

if any observed responses were from specific valencies or density of ODN, not 

specific polymer scaffold effects.  The inflammatory response of RAW264.7 

macrophages exposed to ODN 1668AT and a series of conjugates, measured as IL-10 

concentration determined by ELISA, is shown in Fig. 3.4.  The full data set including 

all positive and negative controls in in Fig. 3.15. This response was monitored over the 

course of 24 hours with measurements at 6 (dark grey), 12 (light grey), and 24 hours 

(open bar). Similar to the results for IL-6, there is an increase in cytokine expression 

with increasing valency and with increasing time for conjugates of both scaffolds. 

However, conjugates of the same valency did not elicit the same response; IL-10 

concentrations were significantly different at 24 hours between 44K-5 and 124K-5 

(283 ± 18 and 102 ± 5, p < 0.005) and between 44K-12 and 124K-12 (537 ±32 and 

233 ± 6, p < 0.0001). This data suggested the smaller 44 kDa scaffold was more potent 

for Il-10 expression.   

We then further analyzed the recorded IL-10 concentrations of Fig. 3.4 against 

the ODN density of each conjugate, a measure of the spatial density of presentation; 

results are reported in Fig. 3.5. Remarkably, the concentrations at 6 (circles), 12 

(squares) and 24 hours (triangles) are linear with respect to ODN density, regardless of 

the scaffold. A linear fit of the values for 6, 12 and 24 hours have coefficients of 

determination of 0.981, 0.990 and 0.977 respectively, demonstrating the high degree 
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of linearity. This data suggests ODN density, more than valency, of ODN-PAA 

conjugates has a profound impact on TLR-9 induced expression of IL-10. 

 

 

 

 

 
Figure 3.4 The IL-10 expression of RAW264.7 cells exposed to to ODN-PAA 

conjugates of increasing valency. RAW264.7 macrophages were exposed 
to polymer ODN 1668 (150 nM) and 44K or 124K-based conjugates 
(normalized to 150 nM ODN). Cell supernatants were collected after 6 
(dark grey), 12 (light grey) or 24 hours (open bar) and assayed for IL-10 
concentration by ELISA. Significant differences highlighted are p < 
0.005 (*) and p < 0.0001 (#). Error bars represent the standard deviation 
of the average of four independent samples. 
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Figure 3.5 The inflammatory response to ODN-PAA conjugates of increasing 

valency shown in Fig.3.4 (IL-10), and graphed against the ODN density 
(Fig 1c). Values for 6 hour  (circles), 12 hour (squares), or 24 hour 
(triangles) time points were fit to a linear equation with corrected R2 
values of 0.981 (solid), 0.990 (long dash), and 0.977 (short dash), 
respectively. Error bars represent the standard deviation of the average of 
four independent samples. 

 
3.3.4 TNF-α  expression is scaffold-dependent and inversely proportional 

to density 

 

We had previously observed a correlation between TNF-α expression and 

valency but a less significant role in increased valency as compared to that observed 

for IL-6.(216) We again used the expanded set of set of conjugates and assayed 

RAW264.7 macrophage inflammatory response, as indicated by TNF-α concentration, 
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with the results in Fig. 3.6.  The full data set, including all positive and negative 

controls is shown in Fig 3.16. We again observed an increase in TNF-α concentration 

with increasing valency for the 44K scaffold conjugates, but a distinct expression 

profile for the 124K scaffold conjugates.  124K-5 elicits the greatest 24 hour TNF-α 

concentration of 2646 ± 74. This value is 5-fold higher than the isovalent 44K-5 (522 

± 39) and 30-fold higher than the similar density 44K-2 (89 ± 5) (p < 0.0001). 124K-

12 (1112.3 ± 124) is not significantly different from 44K-12 but is 2 to 3.5-fold 

greater than similar density 44K-4 (322 ± 9) and 44K-5 (522 ± 39).  

We again compared the observed TNF-α concentrations reported in Fig. 3.6 

and plotted them against the ODN density (Fig. 3.7). We observe a less linear 

correlation between TNF-α concentration and density at 6 hours (R2 = 0.933, red line) 

(circles) than that observed for IL-10, but then quickly lose linearity with time at 12 

(R2 = 0.533, blue dash) and 24 hours (R2 = 0, not shown). This data suggests the TLR9 

receptor complex can differentially identify ligands of high and low valency with 

distinct associated cytokine expression profiles. 

 
3.3.5 Intracellular ODN concentration is dosage dependent 

 

Given the significant differences in response between the isovalent 44K-5 and 

124K-5, we assayed the relative intracellular concentrations of both to determine if 

differences in intracellular concentration could explain these distinct cytokine 

expression profiles. We exposed RAW264.7 macrophages to conjugates 44K-1 

(triangles), 44K-5 (open diamond), 124K-5 (blue diamond, blue line) and 124K-30  
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Figure 3.6 The TNF-α expression of RAW264.7 macrophages exposed to ODN-

PAA conjugates of increasing valency. RAW264.7 macrophages were 
exposed to polymer ODN 1668 (1X ODN) and 44K or 124K-based 
conjugates (normalized to 150 nM ODN). Cell supernatants were 
collected after 6 (dark grey), 12 (light grey) or 24 hours (open bar) and 
assayed for TNF-α concentration by ELISA. Significant differences 
highlighted are p < 0.0001 (*). Error bars represent the standard deviation 
of the average of four independent samples. 
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Figure 3.7 The inflammatory response to ODN-PAA conjugates of increasing 

valency shown in Fig.3.6 (TNF-α), and graphed against the ODN density 
(Fig 1c). Values for 6 hour  (circles), 12 hour (squares), or 24 hour 
(triangles) time points were fit to a linear equation with corrected R2 
values of 0.933 (red), 0.533 (blue dashed), and 0 (not shown), 
respectively. 124K-based scaffolds are labeled. Error bars represent the 
standard deviation of the average of four independent samples. 

 

(closed circle, blue line), normalized to 150 nM ODN, in addition to the two scaffolds 

44K (cross) and 124K (cross, blue line), used at a scaffold concentration identical to 

that of 44K-5 and 124K-5 (30 nM) over 2 hours and measured intracellular quantity at 

20, 60, and 120 min was measured via mean fluorescence intensity by flow cytometry 

(Fig. 3.8). Most importantly, there was no observed difference in the intracellular 

scaffold or ODN concentrations of 44K-5 and 124K-5 (ODN quantity Fig. 3.9).  This 

highlights the distinct cytokine profiles observed for 44K-5 and 124K-5 for IL-10 and  
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Figure 3.8 Kinetics of endocytosis for selected conjugates displayed as relative 

intracellular scaffold concentration. RAW264.7 cells were exposed to 
polymers 44K (black cross) and 124K (blue cross) (30 nM) and 
conjugates 44K-1 (triangles), 44K-5 (open diamond), 124K-5 (blue 
diamond) and 124K-30 (blue circle) (normalized to 150 nM ODN) for 
the time indicated and measured for mean fluorescent intensity by flow 
cytometry. Values displayed are mean fluorescence intensity for cells 
treated at 37°C (intracellular), less cells treated for 90 minutes at 4°C 
(surface labeling) for true intracellular concentration. No significant 
difference exists between 44K-4 and 44K-5 scaffold values. Significant 
difference p < 0.0001 (*) from 44K, 124K, 44K-5 and 124K-5. Error 
bars represent standard the deviation of the average of three independent 
samples.  
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Figure 3.9 Kinetics of endocytosis for conjugates from Fig. 3.8 displayed as relative 

ODN concentration (scaffold * ODN valency). Samples shown are 44K 
(black cross) and 124K (blue cross) (30 nM) and conjugates 44K-1 
(triangles), 44K-5 (open diamond), 124K-5 (blue diamond) and 124K-30 
(blue circle) for the time indicated and measured for mean fluorescent 
intensity by flow cytometry (scaffold concentration) multiplied by the 
conjugate ODN functionality. No significant difference exists between 
44K-4 and 44K-5 ODN values. Significant difference p < 0.0001 (*) 
from 44K, 124K and 44K-1. Error bars represent the standard deviation 
of the average of three independent samples. 

 

TNF-α expression are not the result of differences in delivery, but of the ODN density. 

We observe, in agreement with Fig. 3.3, that the conjugates of lowest functionality 

(44K-1), applied at the highest scaffold concentration, have the greatest intracellular 

concentration; this was true at all time points (2531 ± 157, 3320 ± 179, 4217 ± 219, p 
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< 0.0001).  124K-30, with the lowest applied scaffold concentration had the lowest 

intracellular scaffold concentration and this was also true across all time points (731 ± 

27, 938 ± 9, 1188 ± 22, p < 0.0001).  

 

3.3.6 ODN-PAA endocytosis is clathrin-mediated 

 

 Given the striking difference in intracellular quantity of ODN 1668 and 44K-1 

in Fig. 3.3 and the equivalent endocytosis of scaffold and conjugate shown in Fig. 3.8 

we wanted to determine if the mechanism of endocytosis for ODN-PAA conjugates 

was the same for PAA and ODN. We employed monodansylcadaverine (MDC), an 

inhibitor of transglutaminase, a enzyme which is necessary for clathrin-dependent 

receptor-mediated endocytosis via protein cross-linking.(222, 223) ODN endocytosis 

is receptor mediated(51, 54, 67), thus we focused on this pathway. We examined 

whether endocytosis of AF647-labeled ODN 1668AT (blue square), scaffold 44K 

(cross), 44K-1 and 44K-5 was inhibited in RAW264.7 macrophages treated by a 

titration of monodansylcadaverine from 100 to 400 µM. Inhibition is indicated by a 

reduction of mean fluorescence as measured by flow cytometry. The mean 

fluorescence was converted to percent conjugate endocytosed. The untreated (no drug) 

samples were normalized to 100% endocytosed and data are shown in Fig. 3.10.  All 

samples showed a reduction in mean fluorescence intensity at the lowest drug 

concentration of 100 µM.  44K, 44K-1 and 44K-5 continued to show reduction in 

endocytosis with 31 ± 4, 34 ± 3 and 11 ± 1 respectively with increasing drug 

concentration.  The crucial finding is endocytosis of the multivalent 44K-5 can be 
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inhibited ~ 90% and is significantly different from other samples (p < 0.0001), 

demonstrating clathrin-mediated endocytosis to be the primary mechanism of 

internalization. 44K of the same concentration as 44K-5 is not inhibited as 

significantly (31 ± 4 vs. 11 ± 1) and is inhibited less than 44K-1 when tested at the 

same scaffold concentration (250 nM) (34 ± 3 vs. 48 ± 2, data not shown) suggesting 

that PAA endocytosis is not as dependent on a clathrin-mediated mechanism.  

Interestingly, ODN 1668AT shows an increase in endocytosis above 100 µM MDC 

(statistically significant at 400 µM MDC (p < 0.0001).  This data suggests clathrin-

mediated endocytosis to be common among ODN, scaffold and conjugates but 

exclusive to only to the conjugate 44K-5. 

 
3.3.7 ODN-PAA conjugates preferentially and rapidly colocalize with 

late endosomes 
 

We employed immunocytochemistry and confocal microscopy to determine if 

observed differences in endocytosis mechanism correlated with alteration of 

intracellular trafficking. Subsequent to endocytosis, CpG ODN traffic through early 

endosomes into late endosomes where TLR9 activation takes place.(210) Early 

endosomal antigen 1 (EEA-1) is a widely used marker for early endosomes and the 

lysosomal associated membrane protein 1 (LAMP-1) is a similarly used protein  

marker for late endosomes or endolysosomal compartments.(210, 224, 225) We 

examined the number of colocalization events for ODN 1668AT (black), 44K (grey) 

and 44K-2 (blue) with EEA-1 or LAMP-1 staining endosomes over two hours  
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Figure 3.10 Inhibition of endocytosis for AF647 labeled ODN 1668 (250 nM) (blue 

square), 44K (47 nM) (black cross) and conjugates 44K-1 (250 nM) 
(triangles) and 44K-5 (250 nM ODN) (diamond) by 
monodansylcadaverine. Inhibition was indicated by a reduction in mean 
fluorescent intensity from untreated samples by flow cytometry. 
Significant difference were observed (p < 0.0001 (*)) between 44K and 
44K-1 at this drug concentration (or p < 0.0001 (#) from all other 
samples). Error bars represent the standard deviation of the average of 
three independent samples. 

 

and report the results in Figs. 3.11 (EEA-1) and 3.12 (LAMP-1) Consistent with the 

low endocytosis observed (Fig. 3.3), ODN 1668AT demonstrates much lower 
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colocalization at 15 and 120 minutes for both EEA-1 (47 ± 23 and 11 ± 6) and LAMP-

1 (69 ± 12 and 33 ±7) despite a 4-fold higher application concentration (4µM and 1 

µM ODN for 1668AT and 44K-2 respectively). These values are also significantly 

lower than those observed for 44K-2 at 15 and 120 minutes for EEA-1 (249 ±86 and 

1496 ± 211, p = 0.021) and LAMP-1 (950 ± 272 and 2027 ± 500, p = 0.002).  There 

are also differences in colocalization between 44K-2 and the scaffold 44K. 44K 

presents significantly enhanced colocalization with EEA-1 at 15 (848 ± 156) and 120 

minutes (2346 ± 411) (p < 0.004).  This does not translate to LAMP-1 colocalization 

where 44K where low colocalization is observed at both 15 (130 ± 43) and 120 minute 

(911 ± 230). Critically, whereas ODN 1668AT colocalization reduces with time, 44K-

2 shows an increase over the time assayed. These data demonstrate much greater 

endocytosis of ODN-PAA than ODN, as shown in Fig. 3.3. The enhancement in 

endocytosis is concomitant with favorable delivery of ODN-PAA to TLR9-signaling 

late endosomes; delivery to late endosomes is not observed with the PAA scaffold.  

 

 
3.3.8 Agonistic ODN-PAA conjugates demonstrate strong endo- and 

exonuclease resistance  

 

We explored the impact of ODN PAA conjugation on their nuclease degradation 

profiles, on account of the fact that the ODN used in this work are phosphodiester-

based, and susceptible to nuclease degradation.  44K-1 was chosen to represent all 

conjugates since degradation of the single ODN would be the most apparent. ODN-
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PAA conjugate 44K-1 (triangles) and ODN 1668AT (circles) were assayed in vitro for 

nuclease degradation by Exonuclease T (open black) (ssDNA 3’exonuclease) and  

 

 

 
Figure 3.11 Colocalization of fluorescent ODN, polymer 44K, or conjugate 44K-2 

with the early endosomal protein early endosomal antigen 1 (EEA-1) 
measured by confocal microscopy and image analysis. RAW264.7 cells 
were exposed to AF594 labeled ODN 1668 (black) (4 µM), 44K (grey) 
(0.5 µM) and conjugate 44K-2 (blue) (1 µM ODN, 0.5 µM scaffold), 
processed for immunocytochemistry, imaged by confocal microscopy, 
and analyzed for number of colocalization events with EEA-1 staining 
vesicles. Significant difference p < 0.004 (*) or p = 0.021 (**). Error bars 
represent standard deviation of four separate Z-stacks. Data are 
representative of the average of over three independent experiments. 
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Figure 3.12 Colocalization of fluorescent ODN, polymer 44K, or conjugate 44K-2 

with the late endosomal protein lysosomal associated membrane protein 
1 (LAMP-1) measured by confocal microscopy and image analysis. 
RAW264.7 cells were exposed to AF594 labeled ODN 1668 (black) (4 
µM), 44K (grey) (0.5 µM) and conjugate 44K-2 (blue) (0.5 µM 
scaffold), processed for immunocytochemistry, imaged by confocal 
microscopy, and analyzed for number of colocalization events with 
LAMP-1 staining vesicles. Significant difference p ≤ 0.002 (#) or p = 
0.002 (##). Error bars represent standard deviation of the average of four 
separate Z-stacks. Data shown are representative of over three 
independent experiments 

 

Exonuclease V (blue) (ssDNA 5’-exo and endonuclease). The data shown in Fig. 3.13 

illustrate the percent degradation. We exposed ODN 1668 and 44K-1, normalized to 

be equimolar in ODN, to either nuclease for the specified time, stopped the reaction, 

purified the reaction by agarose gel electrophoresis, and measured the SYBR II 
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fluorescence from ssDNA in the gel band.  As shown in the figure, the ODN 1668AT 

shows Exonuclease T and V half-lives of approximately 30 minutes, with complete 

Exonuclease T digestion and 83 ± 1.5% Exonuclease V digestion at 8 hours.  This is in 

contrast to 44K-1, which exhibits no significant digestion for Exonuclease T or V over 

8 hours. These data suggest some of the enhanced activation observed in Figs. 3.4 and 

3.6 could be from the significantly longer lifetime of PAA conjugated ODN.   

 

 

 

 
 
Figure 3.13 The Exonuclease T (open black) and Exonuclease V (blue) degradation 

profiles for ODN 1668AT (circle) and conjugate 44K-1 (triangle). ODN 
or conjugate were digested, purified by agarose gel electrophoresis, and 
the high MW products, detected by fluorescence intensity (SYBR II) on a 
Typhoon Imager and quantified by Image J analysis. Error bars are the 
standard deviation of the average of three independent samples.   
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3.4 Discussion 

 

3.4.1 Design of ODN-PAA conjugates  

 

ODN-PAA conjugates previously demonstrated that multivalent display on a 

PAA scaffold causes a 50 to over 100-fold increase in TNF-α and IL-6 expression by 

RAW264.7 macrophages.(216) It was not clear how the observed cytokine expression 

related to intracellular concentration with respect to multivalent construct or delivered 

ODN concentration. We questioned whether enhancements were from the multivalent 

presentation or differences in endocytosis and/or delivery to endolysosomal 

compartments where TLR-9 activation and signaling occur.(54, 225) This type of 

analysis was not possible given the non-quantitative biotin-streptavidin labeling 

previously employed. PAA was chosen as the presentation scaffold to have the highest 

conformational flexibility for engagement of the pendent ODN with TLR9 dimers. 

The high negative charge helps to prevent unspecific interaction with the negatively 

charged cellular membrane(197, 199) and also prevent molecular aggregation with the 

similarly charged ODN. ODN are covalently linked through the 3’ end, a requirement 

to maintain their activity.(204) Conjugate detection is achieved via labeling the PAA 

scaffold with AF647, which permitted more accurate determination of valency as well 

as quantitative comparisons of endocytosis among all conjugates. Changes in cytokine 

expression can thus be correlated with intracellular delivery to more accurately 

determine the source of observed enhancements in cytokine expression. 
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3.4.2 Competent TLR9 multivalent activation requires a critical valency 

 

At ODN concentrations employed in this work, we observe no significant 

expression of cytokines assayed for ODN 1668AT or the monovalent 44K-1.  

Significant TLR9 activation was only apparent for higher valency ODN-PAA 

conjugates. IL-6 expression for ODN 1668 and 44K-1 are low relative to higher 

valency constructs, despite application at the same ODN concentration. For higher 

valency 44K-2, 44K-3 and 44K-4 there are quantitative differences between these 

constructs and the next higher valency 44K-5.  Most importantly is the significant 

increase in IL-6 expression observed for 44K-5 (Fig.3.2). There are, however, other 

quantifiable differences in the expression kinetics of IL-10 and TNF-α in Figs. 3.4 and 

3.6. IL-10 expression is similar or lower in concentration at 6 and 12-hour time points 

for 44K-1 through 44K-4.  In contrast, 44K-5 IL-10 expression, however, increases 2-

fold between 6 and 12-hour time point, demonstrating more potent TLR9 activation. 

This trend in increasing rate and magnitude of IL-10 expression continues for 44K-7 

and 44K-12. Similarly, the TNF-α expression increases are similar in magnitude until 

the more than 2-fold increase between 12 and 24-hour time points for 44K-5.  The 

increase in expression of these two cytokines is observed although the intracellular 

scaffold concentrations is similar for 44K-4 and 44K-5 (Fig. 3.3), and suggests the 

increase in valency and enforced local concentration difference is the source of the 

higher activation.  The observed difference could be from the higher ODN 

concentration of 44K-5 (Fig. 3.3), but stimulating RAW264.7 macrophages at ODN 

concentrations of 250 nM and 500 nM (more than 4-fold higher than 150 nM shown 
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here) also demonstrate this critical activation valency (data not shown). 44K-12 was 

used to stimulate RAW264.7 macrophages silenced by a TLR9 siRNA to examine 

whether there was some additional immunostimulatory component not mediated by 

TLR9.  Fig. S3.4 demonstrates greater than 90% reduction in activation for 44K-12 

but not the LPS positive control, confirming TLR9 as the source of cytokine 

expression observed.  

Roberts et al. demonstrated length dependence in murine macrophage 

activation by CPG ODN, with a critical length of 44 bp required for responses similar 

to bacterial DNA, and twice that of most therapeutic ODN under investigation.(89) A 

more recent report described the mannose receptor 1 (MRC1) as required for CpG 

ODN endocytosis and trafficking.(54) The role of MRC1 came to light through a CpG 

hyporesponsive wild-derived mouse strain fully competent in bacterial DNA 

recognition.  The ability to fully recognize bacterial DNA, but not CpG ODN, 

suggests the two are not equivalent. There are noted discrepancies in CpG ODN 

activities between humans and studies using common laboratory mouse strains, often 

attributed to TLR9 expression, but perhaps other factors are additionally at play.(226) 

The data presented here advances the hypothesis that a critical valency promotes 

TLR9 activation through favorable multivalent engagement or arrangement of the 

TLR9 receptor complex, and perhaps, improved mimicry of bacterial DNA. 
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3.4.3 ODN density controls TLR9-mediated cytokine expression 

 

When examining the IL-10 and TNF-α expression from 44K-based scaffolds 

in Figs. 3.4 and 3.6, there is an increase in expression which could originate from the 

increase in valency or alternatively, more efficient delivery of ODN (Fig. 3.3). The 

124K-based scaffolds also show a similar increase in IL-10 expression with increasing 

valency, however, isovalent 44K-based conjugates showed significantly greater 

expression. Critically, as displayed in Figs. 3.8 and 3.9, 44K-5 and 124K-5 have no 

discernable difference in intracellular scaffold or ODN concentration, or kinetics of 

endocytosis, identifying the difference in spatial presentation as the source of 

differences in cytokine expression.  When the IL-10 expression data was compared to 

the ODN density in Fig. 3.5, a linear correlation was highly evident.  This linear 

correlation is present over the entire 24 hours that IL-10 expression was monitored for 

both 44K and 124K-based scaffolds, suggesting TLR9 activation complexes can 

recognize changes in the local concentration of CpG motifs with increasing 

concentration regulating IL-10 expression.  

IL-10 expression induced by CpG ODN was recently shown to limit infarct 

size and improve cardiac performance in a model of ischemia/ reperfusion cardiac 

injury.(227) Pre-treatment was necessary for the effect along with the use of long-

lived phosphorothioate ODN and D-GalactosamineN to further increase circulating 

lifetime.  This suggests the maintenance of high ODN concentrations was at least 

partly responsible for the high IL-10 concentrations observed. Interestingly, another 

recent report described the tolerance-inducing effect of high concentration ODN via a 
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non-canonical signaling pathway employing the adapter protein TRIF (TIR-domain-

containing adapter-inducing interferon-β).(226) This tolerogenic response has 

significant implications in the use of CpG ODN for allergic immune therapy, in 

addition to their known immune stimulating properties. They examined this effect 

largely in plasmacytoid dendritic cells, which demonstrated stable IL-10 expression in 

vitro; however, they remarked on the high IL-10 expression observed in vivo from 

administration of high concentrations of ODN. Perhaps the most relevant is work 

reporting high doses of CpG ODN triggering conventional dendritic cells to express 

high IL-10.(228) The high valency conjugates examined here are potent inducers of 

IL-10 expression and a clear relationship exists between the presentation density, or 

local concentration, and IL-10 expression.  Establishing the mechanism of this 

observation and other potential accessory proteins in TLR9 activation complex 

recognition of high and low density will require further study.  

We further noticed the inverse relationship between IL-10 and TNF-α 

expression, which was only apparent for the higher molecular weight 124K-based 

conjugates (Figs. 3.4 and 3.6). To further analyze the source of this enhanced TNF- α 

expression, we exposed RAW264.7 macrophages to 124K-5, 124K-12 and 124K-30, 

normalized to scaffold concentration, based upon the scaffold concentration of 124K-

30 employed in Fig. 3.6 (5 nM).  124K-5 employed at a 6-fold lower scaffold 

concentration, still elicits a high TNF-α expression, similar to 124K-30, which 

delivers 6-fold higher intracellular ODN (data not shown). IL-10 is an anti-

inflammatory cytokine known to regulate the expression of other inflammatory 

cytokines such as TNF-α and IL-6.(229) The data thus suggest that 124K-5 may have 
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sufficient valency to trigger a robust inflammatory response, but low enough density 

to limit IL-10 expression. If this general principle holds for humans in vivo, it would 

be a powerful principle for modifying ODN activity. 

 
3.4.4 ODN-PAA conjugates are rapidly endocytosed by clathrin-coated 

pits, efficiently delivered and highly stable 

 

 Monodansylcadaverine (MDC) specifically inhibits clustering and 

internalization of receptors via clathrin-dependent endocytosis and has been shown by 

some studies to inhibit CpG ODN endocytosis.(222, 230) Several of the putative 

extracellular ODN receptors, including CD14(51), the receptor for advanced glycation 

end products (RAGE)(67) and the mannose receptor(54) are known to cluster and 

respond to multivalent ligands and would be endocytosed by this mechanism. 

Endocytosis of the conjugate 44K-5 was shown to be dependent upon clathrin-

mediated endocytosis while similar concentrations of the scaffold were only partially 

dependent.  ODN 1668AT was inhibited at the two lower concentrations of drug 

employed but showed an increase in endocytosis above 100 µM. This data suggests 

that CpG ODN can utilize at least two mechanisms of endocytosis, but ODN-PAA 

conjugates are only internalized through receptor-mediated endocytosis in clathrin-

coated pits. 

We also examined endocytosis through colocalization with EEA-1 or LAMP-1 

through confocal microscopy analysis. Conjugate 44K-2 endocytosis kinetics are 

much more rapid, and significantly higher colocalization with LAMP-1, than either 

ODN 1668AT or the scaffold 44K (Fig. 3.12).  LAMP-1 is a marker of late 



 
 
 
 
 
 

132 

endosomes, where TLR9 activation takes place,(210) and demonstrates a striking 

increase in delivery efficiency. ODN-1668AT showed significantly higher 

colocalization values for both protein markers at the 15-minute time point than the 2-

hour time point, unlike scaffold or conjugate values.  This may be from the 

significantly lower resistance to nucleases (Fig. 3.13) and a sign of ODN degradation 

over the course of the confocal analysis. 

We hypothesized that exonuclease digestion would be blocked as a result of 

the 3’ conjugation due to steric blocking by the PAA which is larger than the ODN 

(hydrodynamic radius ~36-43 nm for 124 kDa PAA and ~15-18 nm for 44 kDa 

PAA(231) while ODN ~ 2 nm(205)). To examine this, we employed Exonuclease T 

(ssDNA 3’ exonuclease) and Exonuclease V (ssDNA 5’-exo and endonuclease), to 

assess the in vitro nuclease degradation characteristics of ODN 1668AT and 44K-1 

(Fig. 3.13). We show ODN PAA conjugation significantly protects the ODN sequence 

from both endo- and exo- nuclease degradation.  The significant resistance to 

nucleases and likely enhanced intracellular lifetime may be a contributing factor in the 

higher activity observed for 44K-1 and all conjugates examined here. 

 

3.5 Conclusion 

 

 We designed and synthesized the ODN-PAA conjugates described here to 

probe if multivalent presentation altered cellular responses initiated by TLR9 

activation.  We show significant changes in cytokine expression for conjugate 44K-5, 

that these changes did not result from significant differences in endocytosis for 
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equivalent conjugates, and that they were dependent upon TLR9. Further, a direct 

relationship between ODN presentation density and IL-10 expression was shown for 

all conjugates assayed (both 44K and 124K scaffolds).  This relationship was also true 

for TNF-α for the smaller 44K scaffold but not the 124K scaffold, where an inverse 

relationship between density and TNF-α expression was demonstrated.  This suggests 

ODN-PAA conjugates with high enough valency for competent activation of TLR9 

but low density overall (e.g. 124K-5) are ideal for inducing strong inflammatory 

responses while higher density presentation (e.g. on the 4K scaffolds) lowers 

inflammatory response and favors IL-10 expression. These principles could prove to 

be critical in further development of CpG ODN carriers and therapies.   
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3.7 Supplementary Information 

 

 

 

 
Figure 3.14 Fluorogenic limulus amoebocyte assay results for listed polymers, ODN 

and conjugates expressed as endotoxin units (EU) per ml. All values are 
below 0.1 EU ml-1 or 10 ng ml-1. Error bars are the standard deviation of 
the average of three independent samples. 
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Figure 3.15 The full set of values from the experiment represented in Fig. 3.4, 

including the negative control (untreated), polymer 44K, a 50X 
concentration of negative control ODN 1668 GC, and positive control 
LPS (10 ng ml-1). Error bars are the standard deviation of the average of 
four independent samples. 
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Figure 3.16 The full set of values from the experiment represented in Fig. 3.6, 

including the negative control (untreated), polymer 44K, a 50X 
concentration of negative control ODN 1668 GC, and positive control 
LPS (10 ng ml-1). Error bars are the standard deviation of the average of 
four independent samples. 
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Figure 3.17 The siRNA-mediated knock down of TLR-9. The stimulation of 

untreated (black), TLR-9 siRNA tranfected (blue), or mock transfected 
(light grey) with 44K, 44K-12, or 15X ODN 1668AT, or no stimulation. 
Values are the TNF-α concentration of supernatants collected for each 
condition, determined by ELISA. Error bars are the standard deviation of 
the average of three independent samples. 
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Chapter 4 

ENHANCED ANTAGONISM OF TOLL-LIKE RECEPTOR THROUGH 

MULTIVALENT DNA-POLYMER CONJUGATES 

 

 

4.1 Introduction 

Autoimmune diseases are a broad range of disorders affecting an estimated 

7.6-9.4 % of the population;(232) these diseases have increasingly been correlated 

with innate immune system dysfunction.(2) Innate immune system receptors recognize 

molecular patterns characteristic of bacteria, fungi, and viruses, as well as endogenous 

damage-associated molecular patterns (DAMPs).(3) Initial recognition promotes fast 

immune response and proper priming of the adaptive immune system, however 

inappropriate or chronic activation can lead to pathological inflammation and 

autoimmune disease. Pattern Recognition Receptors (PRR), key receptors in these 

processes, comprise four families, and of these, the 10 Toll-like receptors (TLR) are 

the best characterized.(106)  Toll-like receptors 7, 8, and 9, which are all regulated by 

cathepsin processing for receptor activation and endosomal localization(7), can 

improperly recognize self-nucleic acids and exacerbate disease symptoms of 

rheumatoid arthritis, lupus, psoriasis, and multiple sclerosis.(126) To manage disease 

progression, antagonists of these receptors are being developed, including 
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imidazoquinoline derivatives(4, 233), positively charged polymers(234-236), and 

antagonistic single-stranded (oligo) ribo- or deoxynucleotides.(4, 126, 237) 

Toll-like Receptor 9 (TLR9), expressed primarily in B cells, plasmacytoid 

dendritic cells, and neutrophils (humans), initiates inflammatory cytokine or type I 

interferon production in response to unmethylated CpG dinucleotide-containing 

single-stranded oligodeoxynucleotides (ODN). TLR9 activation has many 

requirements including proteolytic processing(39), sub-cellular trafficking(40, 238), 

compartment specific signaling(44), and a host of accessory molecules.(38) .  

To block TLR9-mediated inflammation, several classes of antagonist ODN 

have been developed based upon poly(guanosine), telomeric repeats, or a defined set 

of sequences.(97, 98) ODN antagonists, currently in clinical trials, rely upon 

conversion of the phosphodiester backbone to phosphorothioate (PS)(4), which alone 

converts poly(2-deoxyribose) to a TLR9 antagonist.(97) Phosphorothioate 

modification increases antagonism (≤100-fold)(98) and confers resistance to 

ubiquitous serum and cellular nucleases, which significantly impact the utility of 

ODN-based therapeutics.(211)  

Despite the advantageous biological properties conferred by PS modification, 

significant pathophysiology has been observed in animal models. Administration of 

PS-ODN induces activation of the complement cascade(239), inhibition of clotting 

time, and basophil accumulation with mild kidney and liver dysfunction.(240) These 

adverse effects can be attributed to unintended immune activation and significant 

nonspecific binding of proteins to PS-ODN.(241)  
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Here, we describe strongly enhanced antagonism by phosphodiester (PO) 

ODN- poly(acrylic acid) (PAA)  conjugates, demonstrating activity comparable to PS-

based ODN. Interestingly, unlike previous results demonstrating multivalent 

enhancements of agonism of  >100-fold, antagonistic enhancements are roughly 15-

fold, suggesting different modes of action for agonistic and antagonistic ODN as noted 

previously.(98) ODN-PAA conjugates are rapidly endocytosed and accumulate at 

much higher intracellular concentrations than unconjugated ODN. Increased 

antagonism of multivalent conjugates is directly correlated to higher cellular 

endocytosis achieved only with an optimal valency range of 2-5. We also demonstrate, 

via chemically defined in vitro degradation assays, that 3’ conjugation of PAA to 

ODN provides significant endo- and exonuclease degradation protection.  Finally, we 

report the novel finding of potent antagonism of TLR9 by unmodified poly(acrylic 

acid). As supported by the data presented here, we propose PAA-conjugated 

antagonistic ODN may offer a new strategy to allow development of (PO) ODN-based 

autoimmune therapies. 
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Figure 4.1 The chemical and molecular composition of PAA-ODN conjugates 

described in this work and a graphical representation of their 
antagonistic properties. A schematic representation of the conjugates 
synthesized, a), showing the chemical structure and number of the 
monomer units (n), fluorescent label (a), and ODN (x).  The value of (x) 
for each conjugate is shown in b) with the final conjugate functionality.  
A graphical representation of PAA-ODN conjugates and the primary 
ODN sequences used in this work with their properties is shown in c. 
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4.2 Experimental 

 

4.2.1 Materials   

 

Poly(acrylic acid) of 44 kDa and 124 kDa molecular weight (MW),  with poly 

dispersity indices (PDI) of 1.08 and 1.24 respectively, was purchased from Polymer 

Source (Dorval, Quebec) and purified via precipitation in 0.1 M HCl, dissolution in 

H2O , filtration through a 0.22 µm PES membrane, lyophilization, and then 

precipitation in ether from an acetone/isopropanol 50/50 solution. Centrifugal 

filtration units (30 kDa molecular weight cutoff) were purchased from Millipore 

(Billerica, MA) and washed with sterile-filtered 30% ethanol before use.   Fetal bovine 

serum was purchased from MP Biomedical (Santa Ana, CA) and heat inactivated. All 

other reagents were used without further modification. The following were purchased 

from Sigma Aldrich (St. Louis, MO): Ultra TMB HRP substrate, molecular grade 

sodium chloride, anhydrous sodium phosphate, N-(2-aminoethyl)maleimide 

trifluoroacetate salt (NEAM) (>95%), 1-hydroxybenzotriazole hydrate (HOBT) 

(97%), triethylamine (TEA) (≥99%), dimethyl sulfoxide (≥99%), and N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (>99%). From 

Fisher Scientific (Pittsburgh, PA): 2-(N-morpholino)ethanesulfonic acid sodium salt 

(MES) (>99%), high melting temperature agarose, and NUNC maxisorp 96-well 

ELISA plates. O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluoro 

phosphate (≥99%) (HBTU) was purchased from Chem-Impex (Wood Dale, IL). All 

oligodeoxynucleotides (ODN) were purchased from Integrated DNA Technologies 



 
 
 
 
 
 

143 

(Coralville, IA) including oligos with the following main sequences: 1668AT CG (5’-

TCCATGACGTTCCTGATGCTAT), negative control sequence ODN 1668AT GC 

(5’-TCCATGAGCTTCCTGATGCTAT), and antagonist sequences 4380AT (5’- 

TAATATCCTGGAGGGGAAGAT) and 4329AT (5’- CCTGGAGGGGAAGTAT). 

Additional oligos are listed in Table 4.1. SYBR II and Alexa Fluor 647 hydrazide 

were purchased from Invitrogen (Grand Island, NY).  

 

4.2.2 Proton nuclear magnetic resonance spectroscopy 

 

All spectra were collected on a Bruker AVIII-600 spectrometer with a 5mm 

Bruker SMART probe.  NMR was performed at room temperature on samples 

dissolved in deuterium oxide (D2O) purchased from Cambridge Isotopes. For all 

polymer samples, 128 or 256 scans were used, with a D1 of 10 s and a 90° pulse 

program.  

 

4.2.3 Synthesis of Alexa Fluor 647-functionalized PAA 

 

Precipitated and lyophilized PAA (above) was dissolved at 10 mg ml-1 in 

DMSO.  To this solution, with constant stirring, both Alexa Fluor 647 hydrazide and 

HBTU, dissolved at 10 mg ml-1, were added to the PAA solution to yield a final molar 

ratio of 1:12 (Alexa Fluor 647: HBTU). Triethylamine was added at a 75:1 molar ratio 

over Alexa Fluor 647.   Alexa Fluor 647 to PAA molar ratios were 1.5:1 or 2:1 for the 

conjugates described. After 24 hours, the reaction mixture was purified/transferred by 
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centrifugal filtration in the following conditions (#washes (solvent)): 3X or until abs 

650 nm stable (H2O), 3X (250 mM NaCl and 50 mM phosphate pH 8), and 3X (75 

mM MES pH 6.05 and 500 mM NaCl) and then a final time (twice) against H2O. All 

solutions were prepared with molecular grade water, filter sterilized, and employed at 

a 1:50 volume ratio each spin. The number of Alexa Fluor 647 per polymer  

(functionality) was determined by proton nuclear magnetic resonance (1H NMR) 

spectroscopy (Fig. 4.8 and 4.9); the exact structure of Alexa Fluor 647 is unknown, 

however 6 unambiguous downfield protons can be identified and correlated with 

patent application structures.(217-219) To determine functionality, the fraction (area 

of 6 Alexa Fluor protons/ area of PAA backbone protons) was multiplied by the 1720 

(average) acrylic acid monomers per polymer.   1H NMR analysis was validated by 

UV-VIS spectroscopy (example Figure 4.10) using ε=247000 cm-1mol-1 to determine 

the concentration of Alexa Fluor 647. Functionality is defined as the number of moles 

Alexa Fluor 647 (UV-VIS)/ moles PAA (determined gravimetrically); both methods 

were in agreement. 1H NMR (D2O): δ= 7.8 (m, 4H, Alexa Fluor), δ=7.3 (m, 2H, Alexa 

Fluor), δ=1.7-2.25 (bp, C-CH-C, PAA), δ=1.1-1.7 (bp, C-CH2-C, PAA).  

 

 4.2.4 Synthesis of maleimide-functionalized PAA 

 

All glassware, plastic, and reagents were treated to maintain sterility to limit 

product contamination by LPS. Maleimide-functional polymer was synthesized as 

described previously.(221) Briefly, Alexa Fluor 647-labeled poly(acrylic acid), EDC, 

HOBT, and NEAM were all transferred/dissolved in a 75 mM MES solution buffered 
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at pH 6.05. EDC, HOBT, and NEAM were dissolved at a concentration of 10 mg ml-

1in the MES buffer.  All solutions were filter sterilized. The EDC, HOBT, and NEAM 

were added immediately at a ratio of 1:3:4 respectively. The molar percentage of EDC 

(as a percent of total acid groups of the polymer) employed was: 8% for 124K-25 and 

124K-11, and 6.5% for 44K-6, 44K-3 and 44K-1.The reaction was conducted under 

nitrogen, and purified/ transferred via centrifugal filtration into the DNA reaction 

buffer (50 mM sodium phosphate, 11 mM citrate, 5 mM EDTA at pH 6.6 (degassed)). 

This maleimide-functional polymer was used immediately for conjugation of ODN 

(see next section). 

 

4.2.5 Synthesis of ODN-functionalized PAA  

 

ODN-PAA synthesis was conducted as described previously.(221) All 

apparatus and materials were treated as stated above. Briefly, 3’ thiol-modified ODN 

and DTT were dissolved in 125 mM phosphate buffer at pH 7.5 to yield an excess of 

DTT to ODN at a molar ratio of 10:1 (25:10:1 phosphate:DTT:ODN); the ODN and 

DTT were incubated for one hour. After incubation, this solution was gravity filtered, 

via size exclusion chromatography, using sterilized G 15 resin (10X resin volume). 

The eluate was fractionated and fractions tested for the presence of DNA by UV 

absorbance (NanoDrop 2000 Wilmington, DE). DNA-positive fractions were 

combined with maleimide-functionalized polymer from dialysis at ratios (initial 

ODN:PAA) of 40:1, 15:1, 14:1, 5:1 and 0.8:1 for 124K-25, 124K-11, 44K-6, 44K-3 

and 44K-1 respectively. This reaction mixture was placed in a ported bell jar, vacuum 
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purged 3 times with nitrogen with constant stirring, and incubated under nitrogen for 5 

days. The polymer control samples (PAA) were collected as a fraction of the total 

synthesis, before ODN reaction, diluted 2X into 200 mM pH 8 phosphate buffer and 

reacted for 24 hours to ring open or react any maleimide groups. This ODN-free 

control polymer (44K) was purified/transferred by centrifugal filtration to the ODN 

storage buffer of 10mM Tris and 1 mM EDTA at pH 7.5. 

 

4.2.6 UV characterization of ODN-PAA conjugates  

 

Reaction mixtures (from above) were diluted with 50 mM phosphate pH 8 

buffer made with molecular grade water (Mediatech, Manassas, VA). This solution 

was filter-sterilized and passed through a centrifugal filter. After filtration, the volume 

was brought back to 4 ml with molecular grade water and again passed through a 

centrifugal filter. This process was repeated until absorbance at 260 nm was stable. 

The high molecular weight fraction was analyzed by UV-Vis spectroscopy on a 

NanoDrop 2000 (Wilmington, DE). The 260 nm absorbance values allow 

determination of DNA concentration by the calculated extinction coefficient 

(201,800cm-1mol-1 and 200,400cm-1mol-1 for the CG and GC sequences respectively 

(193, 194)); for each synthesis, the DNA functionality of the polymer was calculated 

from the DNA concentration of the HMW fraction (UV-Vis) divided by the polymer 

concentration (gravimetric). The polymer concentration (UV-Vis) was determined as 

the Alexa Fluor 647 concentration (Alexa Fluor 647 ε=247000 cm-1mol-1) divided by 

the NMR functionality, as described above. The DNA concentration in the low-MW 
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fractions was also monitored; the total amount of DNA across all fractions 

corresponded to the total ODN employed during the reaction. Experimentally 

determined conjugate functionalities are given in Fig. 1b (Final ODN:PAA ratios). 

 

4.2.7 Cell culture 

 

RAW264.7 cells (ATCC, Manassas, VA) were cultured on tissue culture 

polystyrene plates (Cell Treat; Shirley, MA) in DMEM supplemented with 10 mM 

HEPES, 55 µM β-mercaptoethanol, antibiotic/antimycotic, sodium pyruvate 

(Invitrogen, Grand Island, NY)), and 10% fetal bovine serum (Mediatech, Manassas, 

VA). Cells were not cultured past passage 8 and were maintained at between 20 and 

90% confluence. Passage was accomplished by scraping the cells after a wash with 

calcium- and magnesium-free PBS.  

 

4.2.8 Nuclease degradation assay 

 

Kinetic nuclease degradation was measured for both monomeric and 

conjugated ODN via Exonuclease T (3’ exonuclease) and Exonuclease V (5’ 

exonuclease and endonuclease) (New England Biolabs, Ipswich, MA). Reactions were 

assembled to include 9.9E-11 moles of ODN (oligo and conjugate) and the supplied 

reaction buffers  (New England Biolabs) to a final volume of 10 µL. Enzyme used was 

diluted 1:24 in the supplied reaction buffer (#4) and 2 µL of the dilution was used to 

provide 0.41 and 0.83 activity units per reaction for Exonuclease T and V, 
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respectively.  Immediately after dissolution, reactions were conducted at room 

temperature (Exonuclease T) or 37°C (Exonuclease V) and at the indicated time, 

quenched by addition of 2 µL stop buffer (275 mM EDTA, 1.5 wt% SDS pH 7) and 

boiled for 10 minutes. From this inactivated reaction, 2 µL was removed and 

combined with 6X loading buffer and 0.5 µL SYBR II stain (Invitrogen, Grand Island, 

NY), and brought to 12 µL final volume with PCR-grade water (BioExpress, 

Kaysville, UT). This solution was loaded on an 0.8% agarose gel and run for 45 

minutes at 60 mV.  Gels were immediately imaged for fluorescence on a Typhoon 

9410 (GE Healthcare Biosciences, Pittsburg, PA), with excitation at 457 mn (laser) 

and emission monitored at 520 nm. Images were saved as *.tiff files, look-up tables 

(LUT) reversed, and bands measured using Image J64 (area kept static). Time 0 is the 

0% degradation value. The data given at each time point (0, 0.5, 2, 8 hours) represents 

3 independent replicates.  

 

4.2.9 Flow cytometric analysis 

 

Flow cytometry was used for analysis of ODN and conjugate endocytosis in 

addition to endocytosis at a fixed time for analysis of relative intracellular 

concentration.  RAW264.7 cells were cultured as described above. The day of the 

experiment, cells were washed with phosphate-buffered saline (no calcium or 

magnesium), with a second wash for 5 minutes followed by cell scraping.  Live cells 

were counted using trypan blue, and bulk cells were treated with ethidium homodimer 

(Invitrogen; Grand Island, NY) for 5 minutes to mark dead cells (<2%) for exclusion 
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from analysis; cells were washed three times with 37°C PBS to remove dead stain. 

Treated cells were aliquoted to a concentration of 500,000 cells per tube (Falcon 

352054).  These cells were centrifuged (300g for 5 minutes at room temperature) and 

resuspended in 500 µL 37°C DMEM containing 250 nM conjugate (normalized by 

ODN) or fluorescently labeled ODN and polymer 44K, both used at a concentration of 

250 nM. To ensure fluorescence values represent only endocytosed conjugate, three 

replicates were centrifuged at 4°C, resuspended in 4°C sample-containing DMEM, 

and maintained at 4°C for 90 minutes to differentiate surface interactions from 

endocytosed label.(216) The remaining samples were incubated at 37°C for 90 

minutes, followed by three centrifugation/ wash cycles at 4°C, resuspension in 300 µL 

4°C flow buffer (phosphate-buffered saline, 1% BSA, and 2.5 mM EDTA pH 7), and 

incubation on wet ice until measurement. The intracellular fraction was calculated as 

the difference in the mean fluorescence values at 37°C and 4°C; this difference is the 

mean fluorescence intensity value reported.   Studies to determine the kinetics of 

endocytosis were accomplished by incubation for the time indicated and then treated 

as described above. Samples used for subtraction were all subjected to a 4°C two hour 

incubation. All centrifugation steps were conducted at 300g. Cell detection was 

conducted on a BD LSR II cell analyzer (BD Biosciences, San Jose, CA); a total of 

10,000 events were collected within a gate set using untreated cells (Forward Scatter 

(FSC)/Side Scatter (SSC)) and treated cells to exclude those positive for ethidium 

homodimer. Each sample (replicates of three) was analyzed (FlowJo software, Tree 

Star; Ashland, OR) to determine the geometric mean fluorescence intensity. 
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4.2.10 Determination of IC50 for ODN and ODN-PAA conjugates 

 

A dose-response curve was constructed for each of the ODN and ODN-PAA 

conjugates synthesized. RAW264.7 cells were seeded the night before the experiment, 

at 75,000 cells per wellin a 96-well tissue culture plate. ODN and conjugates were 

heated to 95°C to remove secondary structure and flash cooled to 4°C before addition 

to media.(220) Samples were then diluted into DMEM to achieve the highest 

concentration assayed and were then diluted 1:1 serially with DMEM. DMEM 

employed for sample dilution contained 2.5 µM of the agonist sequence1668AT. 200 

µL of these diluted samples were added per well. The supernatant was removed and 

frozen after 24 hours. The TNF-α concentration of supernatants was assayed by 

ELISA (below).  Dose-response curves were constructed by normalizing the TNF-α 

values to a 0 to 100 % inhibition scale (Origin; Northampton, MA) and plotting 

against log(concentration of ODN). IC50 values were calculated using the raw TNF-α 

values and the log(concentration) using the Origin dose-response function    y=𝐴! +
!!!!!

!!!" !"#$!!! !!! , as a nonlinear fit where x is the logarithmic dose and LOGx0 is the 

center of the curve. ODN and conjugate concentrations were determined from 

averaging the concentrations determined for three separate stock dilutions and at least 

two different dilution values. 
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4.2.11 Enzyme-linked immunosorbent assay (ELISA) 

 

ELISA was performed by analysis of the supernatants collected from the 

experiments described above, after dilution of the supernatants with 10% FBS in PBS 

(1:3).  The TNF-α concentrations of supernatants were assayed by a monoclonal 

antibody set (BD Biosciences, San Jose, CA), with adherence to the provided protocol. 

Independent values are from two independent measurements at two different 

concentrations within the linear range of the standard curve.  ELISA measurements 

were measured using a Perkin Elmer VICTOR3V multilabel counter (Perkin Elmer, 

Waltham, MA). 

 

4.2.12 Limulus amoebocyte assay 

 

The fluorogenic limulus amoebocyte assay (Lonza, Allendale, NJ) was 

conducted on all materials in accordance with the manufacturer-provided protocol.  

Conjugates, as well as purified polymer and ODN, were tested for endotoxin and 

found to have endotoxin concentrations < 10 pg ml-1. 

 

4.2.13 Data analysis and statistics  

 

Statistical analysis was calculated on Kaleidagraph (Synergy Software, 

Reading, PA); statistical significance (p) was calculated via one-way ANOVA with 

post hoc Tukey’s analysis at the 99% confidence level. A minimum of three 
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independent samples were used for analysis, and all experiments were repeated a 

minimum of three times for validation. Origin (Northampton, MA) was used to 

calculate IC50 values (dose-response non-linear fit) and to graph dose-response curves. 

 

4.3 Results 

 

4.3.1 Design and Synthesis of PAA-ODN antagonistic conjugates  

 

We have previously shown that conjugation of PAA to agonist TLR ODN 

enhances the stimulatory properties of the ODN;the synthetic strategies for the 

conjugation have been described in detail in recently published work.(216) PAA was 

chosen as the polymer scaffold for these conjugates to limit intramolecular interactions 

and aggregation, as well as to prevent nonspecific interactions with negatively charged 

cellular membranes. The intended activity of these conjugates was interaction with 

TLR9 or associated proteins on the plasma membrane or in endolysosomal 

compartments.(51, 65, 67, 242)  The optimized chemical conjugation conditions(221) 

easily accommodated modifications that permitted conjugation of a dye to the polymer 

for expanded options for polymer detection. 

Relative intracellular concentrations of ODN and ODN-PAA conjugates were 

quantified by direct labeling of PAA with Alexa Fluor 647, as shown in Fig. 4.1a. 

Direct labeling of the PAA, and 1H NMR spectroscopic analysis of Alexa Fluor 647 

conjugation allowed direct comparison of mean fluorescence intensity values 

determined by flow cytometry, regardless of the identity or valency of the scaffold.  
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Alexa Fluor 647 labeling of PAA was accomplished through the procedure 

detailed in section 4.2.3; the resulting chemical linkage and Alexa Fluor 647 

functionality are delineated in Fig. 4.1a. Labeled polymer was purified by centrifugal 

separation through a series of buffer conditions to remove all unconjugated 

fluorophore. The high molecular weight fraction was monitored by UV-Vis until the 

absorbance value at 650 nm was stable. 1H NMR analysis of peak areas for syntheses 

of polymers 44K and 124K allowed determination of the number of Alexa Fluor 647 

dye molecules conjugated to each polymer (functionality); conjugation was indirectly 

indicated by the broadening of the fluorophore peaks in the NMR analysis (Figs. 4.8 

and 4.9). The conjugates were also analyzed by UV-Vis spectroscopy; the calculated 

ODN functionality agreed with the value determined via NMR (< 2% difference) (Fig. 

4.10 44K).  

Alexa Fluor-labeled PAA was used as the scaffold for the synthesis of the 

ODN-PAA conjugates detailed in section 4.2.4 and 4.2.5, with the final product 

schematically portrayed in Fig. 4.1a. The full list of constructs synthesized with 

experimentally determined ODN functionalities are provided in Fig. 4.1b. The final 

functionality of reported constructs was a fraction of the initial stoichiometry used in 

the reaction. The primary antagonist sequence used in this work (4380AT) (Fig. 4.1c 

and Table 4.1) is a slight modification of a previously published sequence (4380); in 

that work, 4380-PS possesses 5 times the activity relative to the 4380-PO(98) Under 

our experimental conditions, 4380AT-PS has approximately 9 times the activity of the 

PO sequence (4380AT) used for conjugation. The choice of this ODN introduced a 

greater contrast between the potency of PS and PO ODN forms to help differentiate if 
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PAA conjugation significantly improves PO-ODN inhibitory potential equivalent to 

an optimized PS-ODN. An adenine-thymine dinucleotide linker was added to the 3’ 

end of the ODN to help reduce any steric hindrance the conjugated PAA might 

introduce; this linker does not significantly impact secondary structure or homodimer 

formation (data not shown). These fluorescently labeled ODN-PAA conjugates allow 

assessment of the central hypothesis via direct comparison of endocytosed ODN and 

conjugate concentrations obtained by flow cytometry. 

 
Table 4.1. Oligonucleotides  

ODN Sequence 
(5’-3’) 

1668AT TCCATGACGTTCCTGATGCTAT 
4380AT TAATATCCTGGAGGGGAAGAT 

4380AT-HD TAATATCCTGGAGGGGAAGAT -HD 
4380AT-A647 TAATATCCTGGAGGGGAAGAT –A647 

4380AT-PS TAATATCCTGGAGGGGAAGAT 
4380AT-PS-A647 TAATATCCTGGAGGGGAAGAT – A647 

4380AT-SH TAATATCCTGGAGGGGAAGAT - SH 
4329AT CCTGGAGGGGAAGTAT 

4329AT-SH CCTGGAGGGGAAGTAT - SH 
HD (hexanediol), A647 (Alexa 647), SH (thiol), PS (Phosphorothioate) 

 

 4.3.2 PAA conjugation enhances antagonistic ODN inhibitory potential 

 

We hypothesized that conjugation of TLR9 antagonistic sequences to PAA 

would improve inhibition of TLR9, based upon our previous results that demonstrated 

conjugation of agonistic sequences to PAA provided strong enhancements in cytokine 

release.(221) To test the possibility of similar enhancements in antagonism, dose 
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response data was obtained by titrating the antagonist against a constant concentration 

of agonist. Various concentrations of ODN 4380AT, phosphorothioate derivative 

4380AT-PS and conjugate 44K-1 were incubated with the agonist 1668AT (2.5 mM) 

and samples were applied to RAW647.7 cells in vitro (schematically shown in Fig. 

4.1c). The supernatants were collected 24 hours later, and the TNF-α concentrations 

were analyzed by ELISA.  

Dose response curves (Fig. 4.2) were assembled by converting the calculated 

TNF-α concentrations to reflect the percentage reduction from concentrations 

achieved by 2.5 mM ODN 1668AT, and then plotting this percent inhibition against 

the log of the concentration of antagonist. 4380AT-PS and 4380AT demonstrate IC50 

values 18.6 ± 1.6 nM and 161.8 ± 10.2 nM respectively (p < 0.0001) and as expected, 

the 4380AT-PS (blue wedge) is > 8-fold more potent than the PO 4380AT (red circle). 

Surprisingly, the 44K-1 conjugate (light blue diamonds) also showed significant 

enhancements, comparable to those observed for 4380AT-PS, demonstrating an IC50 

of 24.1 ± 2.4 nM for a 6.7-fold improvement over the monovalent ODN (p = .0089).  

Modification of the 3’ end of ODN is known to protect against 3’ exonuclease 

degradation.(243, 244) To examine whether 3’ modification of the ODN could explain 

the observed antagonist enhancements, a hexanediol modification was made to the 3’ 

end (4380AT-HD); the dose response curve for these experiments is also shown in 

Fig. 4.2. 4380AT-HD yielded an IC50 of 200.5 ± 8 nM (p = 0.0008 from 4380AT 

(161.8 ± 10.2 nM)), an unexpected reduction of the inhibitory potential of the 4380AT 

sequence. This contrasts with results reported for PO TLR9 agonists, as these show 

potency enhancements with 3’ end modification with small molecules.(244)  
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Of note, unmodified PAA demonstrated TLR9 antagonism. 44K and 124K 

employed at equimolar concentration to that of 4380AT and 44K-1 in Fig. 4.2, 

exhibited 3.8 ±0.4-fold and 2.5 ±0.4-fold higher IC50 values than 4380AT (Fig. 4.11).  

These values are significantly different (p = 0.013) and show a molecular weight 

dependence on inhibition.   

 

 

 
Figure 4.2 Dose response curves for ODN 4380AT (red circles), 4380AT-HD (green 

triangles), 4380AT-PS (light blue diamonds), and conjugate 44K-1 (dark 
blue wedges), plotted as percent inhibition against the log of the 
concentration of ODN (nM). RAW264.7 cells were exposed for 24 hours 
to 2.5 µM ODN 1668AT and a serial dilution of the indicated antagonist 
(normalized to [ODN]). Data shown are [TNF-α] of RAW264.7 
supernatants, converted to a 0 to 100 scale (Origin) and then to percent 
inhibition. Error bars indicate the standard deviation from the average of 
four independent samples. 
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Overall, our data suggest that PAA conjugation enhances PO-ODN antagonism to 

activities comparable to the activities observed for PS-ODN, and these enhancements 

are not simply from the modification of the ODN 3’ end.  

 

4.3.3 Valency alters antagonism of ODN-PAA conjugates  

 

Based upon previous work(221), we hypothesized that multivalent presentation 

of ODN would more effectively engage TLR9, or accessory proteins, to further inhibit 

TLR9 activation, presumptively through better engagement of organized protein 

complexes.(51, 75, 79) Conjugates 44K-1, 44K-3, 44K-6, 124K-11 and 124K-25 

were synthesized as described in section 4.2.5; IC50 values, from dose response data 

and represented as fold decrease (improvement) in IC50 over ODN 4380, are shown in 

Fig. 4.3. All data is normalized to ODN concentration, not scaffold concentration, in 

order to illustrate the effectiveness, on an ODN basis, of the various conjugates. 

Conjugate 44K-1 showed an improvement of 6.8 ± .6 fold over ODN 4380AT, as 

previously displayed (Fig. 4.2), and shown here for comparison to the multivalent 

constructs.  Remarkably, 44K-3 exhibits an IC50 fold-improvement of 13.4 ± 1.7 over 

4380AT, the most potent IC50 recorded (IC50 = 11.7 ± 1.3, which is 1.6-fold more 

potent than 4380PS).  This optimal peak in TLR9 inhibition was over 2-fold greater 

than that observed for the monovalent 44K-1 or for the 6-functional 44K-6 (p ≤ 
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0.0002).  The trend of decreasing potency with increasing functionality continued 

through the significantly higher valency 124K-11 and 124K-25, which were 

constructed with a higher molecular weight PAA scaffold (124kDa) to permit higher 

valencies.  The 124K-11 and 124K-25 scaffolds show decreasing potency with 

increasing functionality (>3) from 5 ± 0.1 to 2.4 ±0.5 respectively (p < 0.05).  

 

 

 
Figure 4.3 Potency of multivalent PAA-ODN conjugates, shown as the fold-increase 

in inhibition over that observed for ODN 4380AT.  Values shown are 
IC50 values determined from dose response experiments, normalized to 
the IC50 value of 4380AT. Experimentally applied antagonist 
concentrations are normalized to the concentration ODN. Error bars 
represent the standard deviation of the average of three or four 
independent samples. Symbols indicate statistically significant 
differences; * indicates p ≤ 0.0002 and # indicates p < 0.005. 
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Multivalency enhances the inhibitory potential of ODN when presented as ODN-PAA 

conjugates; however, this increase is suggested to be limited to a critical functionality. 

 

4.3.4 Optimal valency corresponds with enhanced endocytosis 

 

 Conjugate 44K-3 displayed significant enhancement in TLR9 inhibition over 

all other ODN and constructs, with higher functionality conjugates having 

progressively decreased potency. As normalizing sample concentrations by ODN 

concentration yielded decreasing scaffold concentrations with increasing functionality, 

we hypothesized that differences in intracellular concentration could explain the 

observed potencies of conjugates and ODN tested. Relative intracellular concentration 

was determined via flow cytometric analysis of RAW264.7 cells exposed to Alexa 

Fluor 647-labeled 4380AT 4380AT-A647, 44K-1, 44K-3, 44K-6 and 4380AT-PS-

A647 (Fig. 4.4).  The concentrations of the ODN and conjugates employed in these 

studies were normalized to ODN. Polymer 44K is also shown, assayed at the same 

concentration as 44K-1 while 124K-based scaffolds were not assayed because of their 

lower IC50 values. Cells were incubated at both 37°C and 4°C to mark active 

endocytosis/ surface labeling and surface labeling respectively. The 4°C values were 

subtracted from those at 37°C to represent only intracellular species.  Fig. 4.4 shows 

that ODN 4380AT-PS-A647 displays a significantly greater relative value (6828 ± 33) 

than all other samples (p < 0.0001), consistent with previous reports that PS-ODN 

demonstrate significantly enhanced endocytosis over PO-ODN.(245) All conjugates, 
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the parent polymer 44K, and 4380AT-PS-A647 all have significantly higher 

intracellular concentrations than 4380AT-A647 (486 ± 2, p < 0.0001). 44K-3 has the 

highest value of the conjugates (2770±30, p < 0.0001)), compared to 44K-1 (2150 ± 

10) and 44K-6 (2030 ±20). Critically, the intracellular concentration trend of the 

conjugates is the same as that of inhibition improvement observed in Fig. 4.3,  

 

 

 

 
 
Figure 4.4 The relative intracellular scaffold concentrations of 4380AT, 44K-1, 

44K-3, 44K-6, polymer 44K and 4380AT-PS. Values are the difference 
between 37°C and 4°C flow cytometric mean fluorescence intensity 
values for RAW264.7 cells exposed (90 min) to Alexa Fluor 647-labeled 
ODN and conjugates. Error bars are the standard deviation of the average 
of three independent samples.  Symbols indicate statistically significant 
differences; * indicates p < 0.0001 and # indicates p < 0.0001 against all 
other samples. 
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connecting increased intracellular scaffold concentration with enhanced inhibition.  

These data collectively demonstrate that while increasing multivalency enhances 

intracellular delivery of ODN (Fig. 4.12), antagonism of TLR9 is not similarly 

enhanced. Optimal antagonism only occurs within a very defined range of valency. 

 

4.3.5 Optimal functionality promotes rapid endocytosis 

 

 Data from Figs. 4.3 and 4.4 establish that the enhanced antagonism observed 

for 44K-3 arises from enhanced endocytosis and greater intracellular concentration.  

To further support this correlation, we examined the endocytosis kinetics of 4380AT-

A647, 44K-1, 44K-3, 44K-6 and 4380AT-PS-A647, again normalized to ODN 

concentration, and polymer 44K ([44K] = [44K-1]) (Fig. 4.5). Observing whether 

44K-3 is more rapidly endocytosed at early time points or has altered kinetics with 

respect to 44K-1 and 44K-6, could suggest a possible mechanism of enhancement. 

44K-3 again demonstrates significantly higher intracellular concentration than 44K-1 

and 44K-6 (p < 0.0001 for all time points).  It is also clear 44K-3 endocytosis is much 

more rapid with the relative intracellular concentration 7-fold higher than those of 

44K-1 and 44K-6 at 20 minutes despite 44K-1 having a three-fold higher initial 

scaffold concentration in the media. Despite 44K-1 and 44K having identical media 

concentrations, 44K shows rapid early endocytosis followed by similar internalization 

kinetics to 44K-1. This suggests similar, but different, endocytic mechanisms for PAA 

and ODN-PAA, which is supported by recent monodansylcadaverine inhibition 

studies (manuscript in preparation). 4380AT-PS-A647 shows both higher initial values 
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and increased endocytosis rate two-fold higher than 44K-3 at 120 minutes (p < 

0.0001). These results again agree with previous reports of rapid intracellular delivery, 

predominantly from high unspecific protein binding.(240) The functionality of 44K-3 

preferentially promotes rapid endocytosis much greater than 44K-1 or 44K-6 as well 

as the ODN 4380AT-PS. This data again suggests enhanced endocytosis as the source 

of the 44K-3’s activity. 

 

 

 
Figure 4.5 The kinetic profiles of scaffold endocytosis from 20 minutes to 2 hours 

for 4380AT (solid circle), 4380AT-PS (open circle), polymer 44K (open 
diamond/dashed line), and conjugates (blue lines) 44K-1 (closed wedge), 
44K-3 (triangle), and 44K-6 (open wedge). Values are the difference in 
flow cytometric mean fluorescence intensity values for RAW264.7 cells 
exposed to Alexa Fluor 647 labeled ODN and conjugates at 37°C and 
4°C for each time point. Error bars are the standard deviation of the 
averages of three independent samples.  Statistically significant 
differences; * is p < 0.0001 and # is p < 0.0001 against all other samples 
at 60 and 120 minutes. 
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 4.3.6 PAA conjugation imparts nuclease resistance to PO-ODN 

 

 PS-ODN manifest significantly greater antagonism over PO-ODN counterparts 

and this enhancement is attributed to their higher intracellular delivery, greater avidity 

for TLR9, and significantly greater resistance to nucleases.(240) We hypothesized 3’ 

ODN conjugation would also block 3’ exonucleases and the greater size of the PAA 

(hydrodynamic radii of ~36-43 nm for 124 kDa PAA and ~15-18 nm for 44 kDa PAA) 

and ODN (~2 nm) (39, 221)) would provide a steric block against endonucleases. In 

vitro assessments of 3’-exo (Fig. 4.6 (a)) and endonuclease (Fig. 4.6 (b)) degradation 

of 4380AT and 44K-1 were performed to quantify the possible contribution of exo- 

and endonuclease resistance to the observed enhancements in antagonism. ODN 

4380AT (circle), 44K-1 (triangle) and the 3’-end blocked 4380AT-HD (diamond) 

were treated with Exonuclease T (ssDNA 3’ exonuclease) and Exonuclease V (ssDNA 

5’-exo and endonuclease) as detailed in section 4.2.8.  As expected, both 44K-1 and 

4380AT-HD show no significant degradation from 3’exonuclease activity (Fig. 4.6 

(a)).  This is in contrast to what was observed for 4380AT, which showed 84 ± 4.4 % 

degradation under the conditions assayed. 44K-1 also showed significant resistance 

against the 5’ exo and endonuclease activities of Exonuclease V with only 29 ±11.4 % 

degradation at 8 hours, while both 4380AT and 4380AT-HD showed 96 ± 1.6 and 94 

±2.1 % degradation respectively (Fig. 4.6 (b)). Collectively, the data show that 

conjugation of ODN to PAA confers significant resistance to degradation by exo- and 

endonucleases and another possible mechanism explaining the enhancement in 

antagonism observed. 
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Figure 4.6 The Exonuclease T (a) and Exonuclease V (b) degradation profiles for 

4380AT (circle), 4380AT-HD (diamond), and conjugate 44K-1 
(triangle). ODN or conjugate were digested, purified by agarose gel 
electrophoresis, and the high MW products, detected by fluorescence 
intensity (SYBR II) on a Typhoon Imager and quantified by Image J 
analysis. Error bars are the standard deviation of the averages of three 
independent samples.   

 

4.3.7  PAA-ODN antagonistic enhancement is broadly applicable 

 

To determine if polymer conjugation could improve the antagonism of any 

ODN sequence, we synthesized another 1:1 conjugate, 44K-1 (4329) using the 

previously described sequence 4329 (Table 4.1)(98), modified with a 3’ AT linker. 

The results for these experiments are shown in Fig. 4.8. Under the conditions 

employed here, IC50 values for 4380AT and 4329AT were 161.8 ± 10.2 nM and 11.7 ± 

0.6 nM (Fig. 4.7) respectively (p < 0.0001); indicating that the 4329AT is 13.8-fold 

more potent. 44K-1 (4329) (circles) and 4329AT demonstrate IC50 values of 7.9 ± 0.1 
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nM and 11.7 ± 0.6 nM respectively (p = 0.0007) (Fig. 4.7). The dose response data 

shown in Fig. 4.7 illustrates that 44K-1 (4329) (circles), like 44K-1, is more potent 

than the unmodified ODN 4329AT (squares).  These data suggest ODN-PAA 

conjugation is a broadly applicable strategy for the enhancement of TLR9 antagonism. 

 

 
 
 
Figure 4.7 Dose response curves for ODN 4329AT (squares) and conjugate 44K-1 

(4329) (circles) plotted as percent inhibition against the log of the 
concentration ODN (nM). RAW264.7 cells were exposed for 24 hours to 
2.5 µM ODN 1668AT and a serial dilution of the indicated antagonist 
(normalized to concentration ODN). Data shown are TNF-α 
concentrations of RAW264.7 supernatants, converted to a 0 to 100 scale 
(origin) and then to percent inhibition. Error bars are standard deviation 
of the average of four independent samples. 



 
 
 
 
 
 

166 

4.4. Discussion 

 

 4.4.1 PAA conjugation enhances ODN lifetime and cellular delivery 

 

The dose response data in Fig. 4.2 clearly illustrate that the ODN-PAA 

conjugate 44K-1 shows antagonistic properties similar to the activity of 4380AT-PS.  

This enhanced activity is observed even though 4380AT-PS displays much more rapid 

and greater overall endocytosis (Figs. 4.5 and 4.4 respectively). We additionally show 

enhancement in antagonism by PAA conjugation of the optimized PO sequence 4329 

((98)).This PO backbone ODN demonstrates > 500% increase in activity over the PS-

ODN as a result of a 5’ truncation and allows determination if an optimized PO-ODN 

can have further enhancements in activity through PAA conjugation. Further sequence 

optimization in the context of PAA conjugation, could potentially lead to even 

significantly higher potency for either of the sequences employed here. 

PS ODN are thought to gain their improved antagonism through higher 

intracellular delivery(245), nuclease resistance(246), and better binding to TLR9(97). 

Here we show simple PAA conjugation to the ODN 3’ end drastically improves PO-

ODN intracellular delivery (Fig. 4.3). Intracellular delivery is not as great as that 

observed for PS-ODN; however the greater nonspecific binding and endocytosis of 

PS-ODN correlate with pathology observed with their administration(246).  With 

similar antagonistic properties and lower intracellular concentration, ODN-PAA 

conjugates have greater antagonistic efficiency. 
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 PAA conjugation also provides complete 3’ exonuclease protection and 

significant 5’ exo- and endonuclease protection (Fig. 4.6). Under conditions used in 

this work, we observe 4380AT half-lives of 1 hour for degradation by 3’ exonuclease 

activity, and 0.5 hours for degradation by 5’ exo- and endonuclease activity. 44K-1 

demonstrates 3’ exonuclease and 5’ exo- and endonuclease half-lives greater than 8 

hours; well within the range of enhancement observed for PS-ODN.    3’ Exonuclease 

and endonuclease activity are the major extracellular and intracellular nucleic acid 

degradative mechanisms, respectively.(243, 246)  Our data from Fig 4.6 suggests 3’ 

exonuclease resistance is not the mechanism of antagonistic improvement for the 

conjugates described here. Interestingly, 3’ conjugation was recently reported to 

promote TLR9 agonism(244); however, we observed simple 3’ hexanediol protection 

(4380AT-HD) to reduce antagonism; another indication these two types of ODN have 

different cellular targets. This reduction however, was overcome by PAA conjugation, 

perhaps through increased intracellular delivery or endonuclease resistance 

demonstrated in Figs. 4.4 and 4.6. 

 

 4.4.2 Valency enhancements occur within an optimal range 

 

 ODN valency further improves antagonism beyond the enhancement 

demonstrated through PAA conjugation by 44K-1. 44K-3 exhibits an ODN 

normalized IC50 value of 11.7 ± 1.3, a 1.5-fold improvement over that of 44K-1 (Fig. 

4.3). The highest antagonistic activities displayed by 44K-3 correlated with enhanced 
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early kinetics and greater overall intracellular delivery than both 44K-1 and 44K-6. 

We hypothesize this is the main mechanism of antagonistic enhancement for 44K-3.    

 Ashman et al. have shown TLR9 antagonism does not correlate with TLR9 

binding and have hypothesized the target of antagonistic ODN is an accessory protein 

and not TLR9.(98) Here, 44K-3 displayed significantly greater endocytosis than other 

conjugates; this is not the case for agonistic ODN where endocytosis is correlated only 

to the concentration of polymer in media (manuscript in preparation). This suggests 

the enhancement in endocytosis of 44K-3 may arise from favorable interaction with a 

TLR9 accessory protein responsible for CpG delivery to endosomal TLR9. Many 

accessory proteins have been reported for TLR9 including granulin(47), HMGB1(65), 

LL37(247), defensins(248), CD14(51) and the mannose receptor(54). Among this 

group, both CD14 and the mannose receptor are known to oligomerize. CD14 is a 

glycosylphosphatidylinositol (GPI)-anchored protein.(51) GPI-anchored proteins are 

associated with lipid rafts and their cellular sorting is partly controlled by ligand or 

protein induced clustering.(249) The mannose receptor was recently shown to be 

required for endocytosis and trafficking of CpG ODN to endolysosomal compartments 

for TLR9 activation in murine macrophages.(54) The mannose receptor is known to 

homodimerize.(250) It is tempting to speculate the optimal valency of 44K-3 is 

preferential interaction with oligomerized accessory proteins of TLR9. Regardless, 

additional studies will be required to determine relevancy to human CpG recognition.. 
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4.4.3 PAA is a novel inhibitor of TLR9 activation 

 

We unexpectedly, but not surprisingly, identified PAA as a potent inhibitor of 

TLR9 activation. As described above, we choose PAA as the scaffold for several 

reasons including the inherent negative charge to discourage aggregation and promote 

the greatest ligand accessibility. We previously observed PAA to be a weak agonist 

(data not shown) but show potent TLR9 inhibition at the concentrations assayed in 

Fig. 4.11. It is important to note 44K enhancement over 4380AT (3.8 ±0.4) is not as 

potent as 44K-1 (6.8 ±0.6), despite 44K having significantly enhanced intracellular 

concentration 7.8-fold and 2.8-fold higher than 44K-1 at 20 and 60 minutes 

respectively (Fig. 4.5). The superior inhibition of the conjugates is even more apparent 

for 44K-3 with 3.5-fold greater inhibition at a three fold lower applied concentration 

than 44K. Additionally, the improvement of 44K-1 over 44K was 1.8-fold, while the 

improvement of 44K-1 (4329) over 44K is 5.5-fold, supporting the above assertion 

that PAA is an effective carrier, however, the antagonistic activities displayed by 

ODN-PAA are regulated by the independent activities of the ODN. 

TLR9 ODN binding has been shown to be dependent upon the 2-deoxyribose-

phosphate backbone, not base specificity or sequence.(94) Interestingly, many putative 

accessory molecules including LL37(68), HMGB1(67), scavenger receptors(251), 

CD14(51, 252), and even TLR9 itself(25, 253), may rely more upon charge interaction 

than any base or sequence requirements for ODN interaction. This perhaps explains 

the discrepancy in our observations that PAA is a weak agonist of TLR9, but at lower 

concentrations, is potentially scavenging one or more positively charged TLR9 
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accessory proteins. This is analogous to recent reports describing positively charged 

polymers as scavengers for extracellular nucleic acids to prevent inflammation.(234-

236) Two molecular weights of PAA were used in this work with the lower molecular 

weight demonstrating greater inhibition of TLR9. This novel finding suggests a 

possible application of inexpensive and easily synthesized PAA as an inhibitor of 

TLR9 and possibly other nucleic acid receptors. 

 

4.5  Conclusion 

Here, we report PAA conjugation enhances antagonistic PO-ODN activities to 

those similar or better than equivalent PS-ODN. This enhancement can be attributed to 

significantly higher cellular internalization and resistance to both exo- and 

endonuclease activities. 44K-1 and 4380AT-PS have equivalent activities, but the 

lower intracellular delivery of 44K-1 with respect to 4380AT-PS suggests higher 

efficiency of activation. Furthermore, multivalency augments antagonism but only for 

a limited range of valency. The conjugate demonstrating greatest antagonism, 44K-3, 

exhibits more rapid and overall higher cellular internalization, resulting in the lowest 

IC50 values observed . Outside of this optimal range, antagonism decreases with 

increasing valency and decreasing intracellular delivery. Polymer conjugation presents 

a strategy for nucleic acid-based therapies to enhance activity, delivery and stability of 

natural PO-ODN. 
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4.7 Supplementary Information 
 
 
 

 
 
 
Figure 4.8    1H NMR spectra of Alexa Fluor 647 modified polymer 44K. Calculated 

Alexa Fluor 647 functionality of 1.74. 
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Figure 4.9   1H NMR spectra of Alexa Fluor 647 modified polymer 124K used in the 

study and determined to have an Alexa Fluor 647 functionality of 0.7. 
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Figure 4.10 UV-VIS spectroscopy of Alexa Fluor 647 modified polymer 44K. UV-

VIS chromatogram of Alexa Fluor 647 modified polymer 44K 
(ε=247000 cm-1mol-1) demonstrates 141.1 nmoles of Alexa 647. Using 
1H NMR determined functionality of 1.74 (above), leads to calculation of 
81.1 nmoles 44K, in agreement with synthesis scale of 82.5 nmoles (error 
<2%). 
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Figure 4.11 PAA is an inhibitor of TLR9. PAA at MW of 44K and 124K PAA were 
analyzed by dose response curves against the TLR9 agonist 1668. Data 
shown as IC50 fold-reduction, normalized to ODN 4380AT. Values 
represent three independent samples. Error bars are the standard 
deviation of the average. Statistically significant differences; * is 
p=0.013. 
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Figure 4.12 The relative intracellular ODN concentrations of 4380AT, 44K-1, 44K-3, 
44K-6 and 4380AT-PS from figure 4.4, normalized to ODN 
concentration. Values are the difference in 37°C and 4°C flow cytometric 
mean fluorescence intensity values for RAW264.7 cells exposed to Alexa 
Fluor 647 labeled ODN and conjugates multiplied by the ODN 
functionality. Error bars are the standard deviation of the average of three 
independent samples.  
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Chapter 5 

CONCLUSION 

 

 
5.1 Work completed 

 The work in this dissertation demonstrates the use of a novel synthetic probe to 

elucidate the role of spatial presentation in Toll-like receptor 9 recognition of CpG 

oligonucleotides. These probes are comprised of a poly acrylic acid scaffold, chosen 

for its conformation of flexibility, high negative charge and carboxylic acid 

functionality for facile covalent modification, and single-stranded oligonucleotides 

with agonistic or antagonistic activities for Toll-like receptor 9. These novel ODN-

PAA conjugates required the development of a synthetic scheme which allowed 

precise control over functionality, small-scale of synthesis, high efficiency and 

maintenance of an environment free from lipopolysaccharide. Poly(acrylic acid) was 

covalently modified via amide bond formation with addition of N-(2-

aminoethyl)maleimide. This modified polymer was purified by centrifugal filtration 

and modified with thiol-modified oligonucleotides. Achieving high functionality 

required extensive optimization with specific requirements for oligonucleotide 

reduction, pH, salinity and buffer compositions. Ultimately, a synthetic scheme 
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incorporating all necessary elements for precise control of the resulting 

oligonucleotide functionality was achieved and reported in Chapter 2. 

 We characterized these novel constructs with proton nuclear magnetic 

resonance, size exclusion chromatography and UV-Vis-based spectrophotometry. 

These methods confirmed the covalent attachment of ODN to the polymer scaffold. 

Conjugate solution diameter was determined by dynamic light scattering; the resulting 

value was in agreement with theoretical calculations. The scaffold size is not modified 

by the addition of significantly smaller ODN. 

These constructs were also examined for cell cytotoxicity using a measure of 

cellular metabolism. Over the time periods of administration in this study, no deficits 

in cellular metabolism were observed, and in fact, increases in cellular metabolism due 

to cellular activation were observed for the highest functionality ODN-PAA conjugate. 

Flow cytometry, confocal microscopy, and transmission electron microscopy 

were used to monitor endocytosis of biotin-labeled ODN-PAA conjugates via biotin-

streptavidin-mediated labeling with quantum dots. Endocytosis was shown to be an 

active process. Through confocal microscopy, we also demonstrated that intracellular 

constructs originated from the plasma membrane and showed punctate labeling in 

structures approximately 300 to 500 nm, indicating vesicular localization. 

Transmission electron microscopy confirmed the localization of ODN-PAA within 

membrane-bound compartments. 

Significant enhancements in cytokine expression were demonstrated for all 
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conjugates synthesized with much greater expression for multivalent constructs, which 

increased with increasing valency. The most striking alteration of cytokine expression 

was for IL-6. 

In chapter 3 we extended this investigation to determine whether a critical 

valency was required for Toll-like receptor 9 activation and if the molecular weight of 

the scaffold could impact observed activation through alteration of construct size and 

the number of possible receptors engaged. We modified the detection strategy from 

that employed in Chapter 2 to allow quantitative analysis of intracellular 

concentration. The use of biotin-streptavidin hybridization for labeling, although 

adventitious in amplifying fluorescent signal, was not sufficiently quantitative to 

discern differences in relative scaffold and resulting oligonucleotide concentrations. 

Alexa Fluor 647 was incorporated by covalent modification of the PAA scaffold and 

quantitative determination of labeling by NMR.  This new fluorescently labeled 

scaffold now provided an internal standard to more accurately define conjugate 

functionality as well as allow direct relative comparisons to other conjugates and 

labeled ODN in flow cytometry and confocal microscopy studies. 

We synthesized a library of ODN-PAA conjugates of increasing valency with 

values increasing by one up to a functionality of 7 on a 44 kDa PAA scaffold.  We 

also synthesized a maximally functional conjugate (sterically hindered above this 

functionality) with a valency of 12 on this scaffold.  To compliment this, three 

conjugates were synthesized conjugates using a larger 124 kDa PAA scaffold with 
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functionalities of 5, 12, and 30.  This allowed direct comparison of the impact of 

functionality with conjugates of equal valency, but larger dimensions. These 

conjugates were used to stimulate the same RAW264.7 macrophages employed in 

Chapter 2 and the cell supernatants assayed for the cytokines IL-6, TNF-α and IL-10. 

We demonstrated, through investigation of the 44K-based series of conjugates, 

that there is a critical functionality for competent activation.  This functionality 

represented by 44K-5 showed a significant increase in IL-6 expression, as well as 

significant changes in the kinetics of expression for TNF-α and IL-6.  Through flow 

cytometry analysis of intracellular concentration, we demonstrate that there was no 

difference in intracellular scaffold concentration between 44K-5 and the next lowest 

functionality conjugate 44K-4. This suggests that increased functionality and not 

subtle changes in intracellular concentration were the source of these observations. 

An impact of presented ODN density was also shown to have biological 

implications.  A linear increase in expression of TNF-α and IL-10 concomitant with 

increasing valency was observed for 44K-based conjugates. This also applied for 

124K-based conjugates, but there were striking differences in expression comparing 

the isovalent constructs.  ODN density (the ODN functionality divided by the M.W. of 

the scaffold) was shown to have a linear correlation to the concentration of IL-10 

observed over 24 hours.  This surprising result was only true for the earliest time point 

for TNF-α expression.  TNF-α displayed a striking inverse relationship between 
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density and expression, but only for the higher M.W. 124K-based scaffold.  124K-5 

promoted significantly higher TNF-α expression than other conjugates.  These drastic 

changes in expression between 44K-based and 124K-based isovalent constructs could 

not be attributed to differences in endocytosis.  44K-5 and 124K-5 had 

indistinguishable intracellular scaffold and ODN concentrations. 

We further examined endocytosis through inhibition with the drug 

monodansylcadaverine, which inhibits clathrin-mediated endocytosis.  This 

mechanism of endocytosis is used for receptor-mediated endocytosis and was a likely 

candidate for endocytosis of these multivalent conjugates. Literature reports also 

stated inhibition of ODN endocytosis by monodansylcadaverine. We determined that 

endocytosis of only the multivalent conjugate assayed was clathrin dependent.  Both 

scaffold and ODN were inhibited by the drug, but to a lesser extent than the conjugate 

44K-5, which was inhibited up to ~90%. Additionally, ODN 1668AT demonstrated 

increased endocytosis at higher MDC concentrations, suggesting there are at least two 

mechanisms of endocytosis for ODN. 

Confocal microscopy was employed to explore colocalization of conjugates 

with early and late endosomal markers EEA-1 and LAMP-1. TLR9 ligands are 

endocytosed and transit through EEA-1 endosomes.  Ligand is then intracellularly 

transported to LAMP-1 endosomes where TLR9 activation and signaling take place. 

Conjugate 44K-2 showed much more significant colocalization with both markers 

than ODN, corroborating the flow cytometry data that showed much lower values for 
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the  ODN 1668AT. Furthermore, colocalization with LAMP-1 increased with time and 

was significantly different from that of the bare scaffold, which preferentially 

accumulated in EEA-1 compartments. This data demonstrates preferential delivery of 

ODN-PAA conjugates to TLR9 providing significantly increased efficiency of 

delivery. 

We hypothesized that TLR9 antagonists would also show enhancements from 

multivalent presentation. We utilized the same synthesis scheme and Alex Fluor 647 

labeling of Chapter 3. RAW264.7 macrophages were employed in dose response 

experiments of antagonistic conjugates of the ODN 4380 (against the agonist ODN 

1668) to determine IC50 values of modified and unmodified ODN.  We demonstrated 

44K-1 (antagonistic) has similar potency to a phosphorothioate version of the same 

ODN sequence.  Increasing valency did decrease the observed IC50 value, but only for 

a conjugate with a functionality of three. Increasing valency past this resulted in a 

steady decrease in potency.  This result was shown to correlate with increased 

endocytosis and intracellular scaffold concentration.  This suggests that multivalency 

does promote endocytosis, but only for a limited range. Further increases in valency, 

due to the normalization based upon ODN concentration, decreased the extracellular 

scaffold concentration and resulting intracellular concentration. Additionally, this 

suggests antagonistic sequences do not benefit from multivalent display, only from 

enhanced intracellular delivery.  This delivery was shown to be less than that of a 

corresponding phosphorothioate sequence, but demonstrates ODN-PAA antagonistic 
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conjugates more efficient than PS ODN for TLR9 antagonism.  

Further optimization of the antagonistic sequence could likely lead to 

antagonistic conjugates of very high potency.  The utility of this strategy was tested 

using a phosphodiester ODN sequence optimized for activity.  This ODN, despite its 

unfavorable shorter length, yielded a conjugate with an IC50 value approaching 1 nM 

under our assay conditions.  Surprisingly, we also found PAA to be a potent inhibitor 

of TLR9 activation. The potency was not as great as ODN-PAA conjugates, but the 

low cost and ease of synthesis of PAA could yield a simple an inexpensive therapy to 

limit TLR9, and perhaps other innate nucleic acid receptors. Phosphorothioate ODN 

have demonstrated adverse side effects such as organ damage and inhibition of the 

clotting cascade. Beyond the enhanced potency observed for ODN-PAA conjugates, 

the use of natural phosphodiester sequences may provide safer long-term therapies for 

TLR7, 8 and 9 antagonism. 

 

5.2 Significance 

 Here, we employed the synthesis of rationally designed multivalent conjugates 

of ODN and poly(acrylic acid) to probe TLR9 ligand specificities for agonistic and 

antagonistic sequences. This strategy proved to be highly successful at demonstrating 

some key discoveries in the role of multivalency and ODN modification on TLR9 

biological properties such as activation, inhibition, endocytosis, and subcellular 

localization. 
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 Perhaps of greatest significance is the discovery that multivalent display 

regulates TLR9 activation through changes in valency and density of presentation.  

Activation was shown to correlate with increasing valency; however potent activation 

had a minimal functionality threshold.  This could potentially be reporting specificities 

of receptor organization, suggested previously in the literature, and discussed in detail 

in Chapter 1.   

Surprisingly, another specificity of TLR9 activation came to light examining 

the relationship of ODN presentation density and cytokine expression. A linear 

correlation was observed between density and IL-10 expression.  For the higher 

molecular weight 124K-based scaffolds, where valency was above the critical 

threshold, but lower in density, anomalous TNF-α expression was detected.  This 

could be predicted from the anti-inflammatory properties of IL-10, which decrease the 

expression of inflammatory cytokines like TNF-α. The data for conjugate 124K-5 

suggest that low-density presentation, but above a critical activation threshold, yields a 

potent inducer of inflammation. Likewise, the lower molecular weight but high 

valency 44K-12 is a potent inducer of IL-10 and represents a potential strategy for IL-

10-based therapy and induction of antigen tolerance. The rationally designed ODN-

PAA conjugates studied may have favorable conformational flexibility and therefore 

receptor engagement that has not been recapitulated in other particle-based delivery 

systems. These conjugates have not only led to insight in TLR9 biology, but may lead 

to new avenues for ODN-based therapeutics. 
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The examination of multivalent effects in TLR9 antagonism led to three 

significant findings.  Perhaps the most important is the discovery that multivalency 

does not impact TLR9 antagonism but does enhance endocytosis at a critical valency.  

This corroborates the hypothesis that TLR9 antagonists interact with an unidentified 

accessory protein, not TLR9 directly, and antagonistic ODN sequence specificities are 

not representative of TLR9.(98) The specific range of valency, which enhanced 

antagonistic sequences, demonstrated in Figs. 4.3 and 4.5, was not evident for 

agonistic sequences Fig. 3.3. The dichotomous endocytosis preferences of agonistic 

and antagonistic sequences suggest the two do not share the same endocytosis 

mechanism.  The enhancement in delivery reduced the IC50 value through increasing 

intracellular scaffold concentration, but not [ODN].  Higher functionality conjugates 

delivered higher intracellular ODN, but failed to be as potent in TLR9 antagonism.  

These data suggest a critical valency favorably targets an unknown protein and adds 

another mechanism of enhancing TLR9 antagonism. 

Two other significant findings were described.  The first is the inhibition of 

TLR9 activation by PAA.  This could be significant through providing a low cost 

inhibitor of innate nucleic acid receptors, analogous to the work of the Sullenger 

lab.(236) Also, we reported decreased antagonism by a 3’ modified ODN;  

modification with a simple Hexanediol significantly reduced the ODN potency.  This 

is at odds with a report that 3’ modification enhances TLR agonistic sequences and 
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further supports the above hypothesis that TLR9 antagonistic sequences function 

through a protein other than TLR9. 

Taken together this data demonstrates the power and utility of rationally 

designed polymer-based probes for determining the molecular specificities of 

biological systems. With respect to the work presented here, this strategy could be 

applied to other TLR ligands to determine if multivalent presentation could be a 

generally applicable method of increasing activity and help elucidate how innate 

receptors respond to more biologically relevant spatial displays.  

 

5.3 Future Work 

 The work presented in this thesis has opened many opportunities for future 

work.  These possible directions include determining whether the principles shown 

here hold true in humans, whether multivalent recognition is generally applicable to all 

TLRs, and the use of these novel TLR ligand-polymer probes to discern the nature and 

specificities of the TLR signaling complex. 

 As detailed in section 1.1.4, human expression of TLR9 is limited to B cells, 

pDC and neutrophils. TLR9 in vitro studies have predominantly been done in the 

RAW264.7 cell line since mice additionally express TLR9 in macrophages.  This cell 

line is much easier to propagate and modify with siRNA or knock outs.  Initial future 

work could be done with mouse isolated primary B cells or pDC, however, given the 

significant differences in murine and human immune response, human primary cells 
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would be the most appropriate. Human B cells and pDC must be continually isolated 

from patient samples such as blood. B cells could be assayed for changes in the cell 

surface markers CD80 and CD86.  They could also functionally be assayed for 

changes in plasma cell development or antigen presentation. pDC responses could be 

monitored by proinflammatory cytokine expression of markers like TNF-α or IL-6.  

Changes in IFN expression could also be assayed; however, a recent report suggests 

the conjugates described in this thesis would not promote IFN expression.(86) Only 

ODN condensed through positively charged carriers promote IFN expression. 

 The TLR2 ligand muramyl dipeptide might also be used as a possible ligand 

for conjugation but was not explored further with concerns of possible aggregation 

through this ligands C12 to C16 fatty acid alkyl chains .  As detailed throughout the 

thesis and particularly sections 1.1.3 and 1.1.4, significant evidence suggests the TLRs 

respond to the context of presentation as well as the chemical structures of their 

ligands. Conjugates of other TLR ligands could be synthesized and examined in 

analogous methods to those presented within the thesis.  The most similar ligand 

would be single stranded RNA, which can be synthesized with defined chemical 

functionalities.  TLR7 and TLR8 have broader expression in humans, including 

dendritic cell types, and perhaps a greater impact on innate immune response.  

 Finally, additional studies to demonstrate the role of any signaling adapters or 

accessory proteins would be of great interest.  Section 1.1.3 gives a detailed analysis 

of the current literature of signaling adapter, accessory or regulatory proteins of TLR9, 
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which could be responsible for the observed multivalent response in RAW264.7 cells.  

Many of these proteins have multiple roles or activities, requiring careful experimental 

design and analysis.  
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provided the AAAS material reproduced as permitted herein remains in situ and is not 
exploited separately 
 
By using the AAAS Material identified in your request, you agree to abide by all the 
terms and conditions herein. 
 
Questions about these terms can be directed to the AAAS Permissions department 
permissions@aaas.org. 
 
Other Terms and Conditions: 
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If you would like to pay for this license now, please remit this license along with your 
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you 
will be invoiced within 48 hours of the license date. Payment should be in the form of 
a check or money order referencing your account number and this invoice number 
501295875. Once you receive your invoice for this order, you may pay your invoice 
by credit card. Please follow instructions provided at that time. 
 
Make Payment To: Copyright Clearance Center Dept 001 
P.O. Box 843006 
Boston, MA 02284-3006 
 
For suggestions or comments regarding this order, contact RightsLink Customer 
Support:  customercare@copyright.com or +1-877-622-5543 (toll free in the US) or 
+1- 
978-646-2777. 
 
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
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