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Abstract 

In order to ameliorate current maladies, improvements to medicaments and 

treatment regimens are required. Our lab seeks to translate findings from the laboratory 

bench to the patient bedside using two approaches: 1) the development of RNA 

aptamers that bind with high affinity and specificity to defined molecular targets, and 2) 

repurposing cationic binding polymers as anti-inflammatory agents. This dissertation 

herein, discusses both of these approaches and summarizes the findings obtained during 

my graduate training. In the first study, I illustrate how anti-PEG antibodies are capable 

of binding to and inhibiting a therapeutic RNA aptamer as demonstrated by reduction 

in drug potency in vitro and in vivo. In the second portion, the development of novel 

cationic polymer derivatives is discussed, which will help us to determine nucleic acid 

binding polymer mediated anti-inflammatory mechanisms of action. These findings 

shed light on the importance of careful and considered drug design to inform the 

development of future therapeutics. Despite the advances in translational research, there 

remains a paucity in our understanding of how drugs impact the immune system and 

this dissertation, in toto, seeks to aid in the development of improved bona fide therapies. 

 

 

 

 



 

v 

Dedication 

I dedicate this dissertation to my mother Jennifer Marie Bodar who is the 

strongest person I know and who has made unmeasurable sacrifices to allow my growth 

as a person, student, scientist and scholar.  

 



 

vi 

Contents 

Abstract ................................................................................................................................... iv 

List of Tables ............................................................................................................................. x 

List of Figures .......................................................................................................................... xi 

Acknowledgements ...............................................................................................................xv 

1. Introduction .......................................................................................................................... 1 

2. Elements of Heart Disease and Coagulation ...................................................................... 3 

2.1 History and discovery of coagulation ........................................................................ 3 

2.2 Coagulation factors ...................................................................................................... 7 

2.3 Heart disease by the numbers ..................................................................................... 9 

2.4 Anticoagulation and anticoagulants ......................................................................... 10 

2.5 History and discovery of aptamers........................................................................... 12 

2.6 History and discovery of polyethylene glycol (PEG) .............................................. 16 

2.7 Utility and ubiquity of PEG ....................................................................................... 16 

2.8 RNA aptamer RB006 and pegnivacogen .................................................................. 19 

2.9 PEGylated therapies and PEG hypersensitivity ...................................................... 22 

2.10 RADAR and REGULATE-PCI clinical trials .......................................................... 23 

3. The Complex Interplay Between Inflammation and Cancer .......................................... 26 

3.1 History and discovery of inflammation ................................................................... 26 

3.2 Inflammation and cancer ........................................................................................... 27 

3.3 Inflammatory receptors - PRRs ................................................................................. 31 

3.4 TLRs and NF-κB ......................................................................................................... 31 



 

vii 

3.5 Inflammatory initiators and mediators – DAMPs and PAMPs .............................. 37 

3.6 Synthesis of Starburst dendrimers and polyamidoamine (PAMAM) .................... 39 

3.7 PAMAM as a reversal agent for aptamers ............................................................... 42 

3.8 PAMAM anti-inflammatory properties.................................................................... 45 

3.9 PAMAM anti-metastatic properties.......................................................................... 49 

3.10 The need for mechanistic understanding of PAMAM-mediated inhibition of 
inflammation .................................................................................................................... 58 

4. Anti-PEG Antibodies Inhibit the Anticoagulant Activity of PEGylated Aptamers ...... 59 

4.1 Anti-PEG antibodies in patient samples and mice recognize PEGylated aptamers
 ........................................................................................................................................... 60 

4.2 The presence of anti-PEG antibody reduces aptamer binding to target FIXa ....... 68 

4.3 Anticoagulant aptamer function is inhibited in the presence of anti-PEG 
antibodies in vitro ............................................................................................................. 70 

4.4 Antithrombotic aptamer function is inhibited in the presence of anti-PEG 
antibodies in vivo .............................................................................................................. 74 

4.5 After a single injection of PEGylated aptamer anti-PEG antibodies can be 
detected in rhesus monkeys ............................................................................................ 79 

5. Towards a Mechanistic Understanding of PAMAM Mediated Anti-inflammatory 
Properties ................................................................................................................................ 87 

5.1 Synthesis of PAMAM derivates PAMSMB and PAMSM-AF488 ........................... 90 

5.2 PAMSMB retains similar binding and in vitro inhibitory activity as parent 
molecule PAMAM-G3 ..................................................................................................... 96 

5.3 PAMSMB exhibits anti-inflammatory properties by binding ex vitro and ex vivo 
DAMP sources................................................................................................................ 104 

5.4 Utility of PAMSMB for the identification of polymer-bound proteins from ex vitro 
and ex vivo samples ........................................................................................................ 119 



 

viii 

5.5 Utility of PAMSMB in the PCR amplification of polymer bound DNA .............. 135 

5.6 Utility of PAMSMB in confocal microscopy .......................................................... 139 

5.7 Utility of PAMSM-AF488 for the assessment of the NABP cellular distribution via 
confocal microscopy ...................................................................................................... 141 

5.8 Utility of PAMSM-AF488 for the assessment of the NABP cellular internalization 
via flow cytometry ......................................................................................................... 147 

6. Discussion of Results and Future Directions ................................................................. 151 

6.1 Anti-PEG antibody mediated inhibition of PEGylated RNA aptamers ............... 151 

6.2 Towards a mechanistic understanding of PAMAM mediated anti-inflammatory 
properties ........................................................................................................................ 157 

7. Experimental Approaches and Methodologies .............................................................. 163 

7.1 Anti-PEG antibody mediated inhibition of PEGylated RNA aptamers ............... 163 

7.1.1 Animal models and subject details .................................................................... 163 

7.1.2 Synthesis of RB006 .............................................................................................. 164 

7.1.3 Indirect enzyme linked immunosorbent assay (ELISA)................................... 164 

7.1.4 Competition enzyme linked immunosorbent assay (ELISA)........................... 165 

7.1.5 Surface plasmon resonance (SPR) ...................................................................... 166 

7.1.6 In vitro clotting assays ......................................................................................... 168 

7.1.7 In vivo murine model of thrombosis .................................................................. 169 

7.1.8 Rhesus monkey study ......................................................................................... 169 

7.1.9 Quantification and statistical analysis ............................................................... 170 

7.2 Towards a mechanistic understanding of PAMAM mediated anti-inflammatory 
properties ........................................................................................................................ 171 

7.2.1 Synthesis of PAMAM derivatives ...................................................................... 171 



 

ix 

7.2.2 Ellman’s and HABA assays ................................................................................ 172 

7.2.3 Electrophoretic mobility shift assay (EMSA) .................................................... 173 

7.2.4 Cellular cytotoxicity assays ................................................................................ 174 

7.2.5 TLR reporter cell assays ...................................................................................... 174 

7.2.6 Displacement of polymer bound DNA and proteins ....................................... 175 

7.2.7 Confocal microscopy ........................................................................................... 176 

7.2.8 Flow cytometry .................................................................................................... 176 

8. Conclusions ....................................................................................................................... 177 

References ............................................................................................................................. 179 

Biography ............................................................................................................................. 192 

 



 

x 

List of Tables 

Table 1 : Components of cell-based model of coagulation .................................................... 8 

Table 2 : RB006 rhesus monkey dosing scheme and sample collection ............................. 83 

Table 3 : PAMSMB bound proteins found in PC and normal patient samples ............... 132 

Table 4 : PAMSMB bound proteins found in normal patient samples ............................ 133 

Table 5 : PAMSMB bound proteins found in PC patient samples.................................... 134 

 

 



 

xi 

List of Figures 

Figure 1 : Waterfall cascade for blood clotting....................................................................... 5 

Figure 2 : Cell- based model of blood coagulation ................................................................ 6 

Figure 3 : Schematic representation of systematic evolution of ligands by exponential 
enrichment (SELEX) ............................................................................................................... 15 

Figure 4 : Structure of polyethylene glycol (PEG) and properties ...................................... 18 

Figure 5 : Mechanism of RNA aptamer RB006 anticoagulant activity ............................... 21 

Figure 6 : Aberrant inflammation as it relates to cancer progression ................................ 30 

Figure 7 :  Pattern recognition receptor (PRR) mediated inflammatory activation .......... 36 

Figure 8 : Schematic for the structure of PAMAM-G3 ........................................................ 41 

Figure 9 : Cationic polymer mediate aptamer reversal measured by aPTT ...................... 44 

Figure 10 : NABP anti-inflammatory properties measured by reduction in pro-
inflammatory cytokines ......................................................................................................... 47 

Figure 11 : Amelioration of chronic skin inflammation in lupus-prone mice by PAMAM-
G3 ............................................................................................................................................ 48 

Figure 12 : Quantification of cell-free DNA (cfDNA) levels in PC patient sera ................ 52 

Figure 13 : PAMAM- mediated reduction of TLR activation in PC patient serum ........... 53 

Figure 14 : Reduced cellular invasion by PAMAM-G3 ....................................................... 54 

Figure 15 : Schematic for murine model of PC metastasis .................................................. 55 

Figure 16 : Bioluminescent intensity of spleen and lung compared by vehicle and 
PAMAM treated mice ............................................................................................................ 56 

Figure 17 : Organ weight compared by vehicle and PAMAM treated mice ..................... 57 

Figure 18 : RB006 Schematic .................................................................................................. 63 



 

xii 

Figure 19 : PEGylated aptamers are recognized by anti-PEG IgGs in patient plasma - 
Indirect ELISA ........................................................................................................................ 64 

Figure 20 : PEGylated aptamers are recognized by anti-PEG IgGs in patient plasma - 
Competition ELISA ................................................................................................................ 65 

Figure 21 : PEGylated aptamers are recognized by monoclonal anti-PEG IgGs - Indirect 
ELISA ...................................................................................................................................... 66 

Figure 22 : PEGylated aptamers are recognized by monoclonal anti-PEG IgGs - 
Competition ELISA ................................................................................................................ 67 

Figure 23 : Aptamer target binding is inhibited in the presence of anti-PEG antibody.... 69 

Figure 24 : Aptamer function is inhibited in the presence of anti-PEG antibodies in vitro - 
RB006 aPTT dose titration ..................................................................................................... 71 

Figure 25 : Aptamer function is inhibited in the presence of anti-PEG antibodies in vitro - 
RB006 with anti-PEG IgG aPTT ............................................................................................ 72 

Figure 26 : Aptamer function is inhibited in the presence of anti-PEG antibodies in vitro - 
RB005 with anti-PEG IgG aPTT ............................................................................................ 73 

Figure 27 : Ferric chloride induced damage model of thrombosis schematic ................... 76 

Figure 28 : Anticoagulant / antithrombotic aptamer activity is inhibited in the presence 
of anti-PEG antibodies in vivo - RB006 dose titration .......................................................... 77 

Figure 29 : Anticoagulant / antithrombotic aptamer activity is inhibited in the presence 
of anti-PEG antibodies in vivo - RB006 with anti-PEG IgG ................................................ 78 

Figure 30 : Preliminary screening of rhesus plasma for anti-PEG IgG .............................. 81 

Figure 31 : Re-screening of rhesus plasma for anti-PEG IgG .............................................. 82 

Figure 32 : Anti-PEG antibodies can be detected in rhesus plasma after a single 
administration of RB006 ........................................................................................................ 84 

Figure 33 : Comparing post-aptamer rhesus plasma anti-PEG IgG levels for possible 
correlates - Dose and route of administration...................................................................... 85 

Figure 34 : Comparing post-aptamer rhesus plasma anti-PEG IgG levels for possible 
correlates - Absorbance and time of collection .................................................................... 86 



 

xiii 

Figure 35 :  PAMSMB and PAMSM-488 synthesis schematic ............................................. 92 

Figure 36 : NMR of unreacted starting material PAM-SH and final product PAMSMB .. 93 

Figure 37 : Quantification of biotin by HABA assay ........................................................... 94 

Figure 38 : Spectrophotometric heat map of unreacted maleimide-fluorophore starting 
material and final product PAMSM-AF488 ......................................................................... 95 

Figure 39 : Comparing DNA binding properties of PAMSMB and PAMAM-G3 via 
EMSA .................................................................................................................................... 100 

Figure 40 : Comparing PAMSMB and PAMAM-G3 ability to reverse aptamer function 
via aPTT ................................................................................................................................ 101 

Figure 41 : Cellular cytotoxicity of PAMSMB and PAMAM-G3 ...................................... 102 

Figure 42 : PAMSMB and PAMAM-G3 DAMP scavenging profiles ............................... 103 

Figure 43 : TLR-reporter cell schematic .............................................................................. 108 

Figure 44 : PAMSMB mediated scavenging of RNA sensing hTLR3 ............................... 109 

Figure 45 : PAMSMB mediated scavenging of CpG sensing hTLR 9 ............................... 110 

Figure 46 : PAMSMB mediated scavenging of LPS sensing hTLR 4 ................................ 111 

Figure 47 : Schematic for CM preparation and collection ................................................. 112 

Figure 48 : PAMSMB mediated scavenging of pro-hTLR4 DAMPs from PC cell CM.... 113 

Figure 49 : PAMSMB mediated scavenging of pro-hTLR 9 DAMPs from PC cell CM ... 114 

Figure 50 : PAMSMB mediated scavenging of pro-hTLR 4 DAMPs from PC patient 
serum post chemoradiation ................................................................................................. 115 

Figure 51 : PAMSMB mediated scavenging of pro-hTLR 9 DAMPs from PC patient 
serum post chemoradiation ................................................................................................. 116 

Figure 52 : PAMSMB mediated scavenging of pro-hTLR 4 DAMPs from intra-operative 
PC patient plasma ................................................................................................................ 117 

Figure 53 : PAMSMB mediated scavenging of pro-hTLR 9 DAMPs from intra-operative 
PC patient plasma ................................................................................................................ 118 



 

xiv 

Figure 54 : Schematic for displacement of polymer bound complexes ............................ 124 

Figure 55 : Displacement of PAMSMB bound DNA by heparin sulfate (HS) as measured 
by EMSA ............................................................................................................................... 125 

Figure 56 : Displacement of PASMB bound pIC as demonstrated by TLR activation post 
exposure to HS ..................................................................................................................... 126 

Figure 57 : Silver Stain SDS-PAGE to demonstrate promising proteins dissociation from 
PAMSMB-magnetic bead complex ..................................................................................... 127 

Figure 58 : Identification of PAMSMB bound proteins from PC conditioned media ..... 128 

Figure 59 : Two-component analysis of proteins identified by LC/MS from normal 
patient samples ..................................................................................................................... 129 

Figure 60 : Two-component analysis of proteins identified by LC/MS from PC patient 
samples ................................................................................................................................. 130 

Figure 61 : Identification of PAMSMB bound proteins from PC patient plasma ............ 131 

Figure 62 : Schematic for PAMSMB DNA binding and dissociation ............................... 137 

Figure 63 : Isolation and PCR amplification of PAMSMB bound DNA .......................... 138 

Figure 64 : Confocal image with PAMSMB and NETs ...................................................... 140 

Figure 65 : Cationic polymer internalization by murine macrophages by PAMSM-AF488 
confocal microscopy ............................................................................................................. 144 

Figure 66 : Cellular distribution of NABP utilizing PAMSM-AF488 by confocal 
microscopy ............................................................................................................................ 145 

Figure 67 : 3-dimensional rotation demonstrating cellular distribution of NABP by 
PAMSM-AF488 confocal microscopy ................................................................................. 146 

Figure 68 : FACS histogram in murine macrophages with PAMSM-AF488 ................... 149 

Figure 69 : FACS histogram in murine macrophages with PAMSM-AF488 and HS 
washes ................................................................................................................................... 150 



 

xv 

Acknowledgements 

Acknowledgements go to my family who have taught me far more important 

lessons than those illustrated here, lessons of life, love and spirit. Specifically, I dedicate 

this to my mother Jennifer, father Victor, sisters Daniela and Bridget, brother Patrick and 

my little nephew Arie. My grandparents Carmela, Isodoro, Frank and Mary who 

immigrated to the United States for new opportunities and I dedicate this dissertation to 

them and the entirety of my families who helped shape me into the person I am today.  

To my closest friends who always were there for support, laughs, and guidance. 

Especially those friends who I have made during my time in graduate school where one 

remembers the people who brought you coffee after a failed experiment rather than 

remembering the experiment itself.  

To my colleagues in my laboratory who have aided my growth as a student, 

scientist and scholar. To those in my previous laboratories who have helped me 

throughout the years. In addition, I would like to thank other professors who mentored 

me throughout my scholastic endeavors, especially my current and past committee 

members.  

Lastly, I dedicate this to any person be it a scientist or otherwise who have made 

sacrifices to make my PhD dissertation possible, whom I acknowledge, and I will honor 

their efforts by ensuring that the wisdom and knowledge I have obtained is bequeathed 

to those after me. 



 

1 

1. Introduction 

Heart disease, only rivaled by cancer, is the number one cause of death globally 

as outlined by the World Health Organization. Despite advances in modern medicine, 

the deaths associated with heart disease and cancer remain unaltered. Our laboratory 

seeks to combat these insidious diseases through: 1) the use of RNA aptamers as rapid-

onset and reversible anticoagulants and 2) the repurposing of polycationic dendrimers 

to neutralize deleterious inflammatory mediators that are involved in cancer metastasis. 

The dissertation herein, will focus on aptamers as anticoagulants in the first half and the 

second portion will address the need for a mechanistic understanding of cationic 

polymers as potential anti-inflammatory and anti-cancer agents.  

Recently, a polyethylene glycol (PEG) conjugated RNA aptamer designed in our 

laboratory was used in a large-scale clinical trial, which was terminated prematurely 

due to severe adverse reactions.  Subsequent analysis of these patients correlated the 

severity of the adverse event with the level of pre-existing anti-PEG antibody. We 

demonstrate that anti-PEG antibodies can directly bind to and inhibit aptamer function 

in vitro and in vivo. Moreover, we detected the presence of anti-PEG antibodies in non-

human primates after a single injection of PEGylated aptamer. These findings will aid 

the development of future therapies that extend beyond aptamers and serve PEGylated 

drug development as a whole.  
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Polyamidoamine (PAMAM) polymers are dendrimers that were originally 

designed as gene delivery agents. The terminal amines on the molecule are protonated 

in neutral pH giving them their cationic nature, which can bind anionic molecules such 

as DNA and RNA. As RNAs, DNAs, and associated nucleic acid – protein complexes are 

released from dead and dying cells can deleteriously activate and exacerbate the 

inflammatory response, our laboratory repurposed these dendrimers to stymie diseases 

associated with aberrant inflammation. We have demonstrated that administration of 

PAMAM reduces disease burden in animal models of systemic lupus erythematosus and 

more recently pancreatic cancer liver metastasis. Although these results are promising, a 

mechanistic understanding of PAMAM-mediated disease neutralization is required. To 

that end, I have synthesized biotinylated and fluorophore labeled PAMAM derivates 

and begun to characterize their utility.   

In addition to the table of contents, this dissertation is divided into two main 

projects. The first deals with RNA aptamers and the second focuses on cationic 

polymers. In a larger outline, the introduction and background sections are first, 

followed by the results chapters, discussion chapter and experimental methodologies. 

Each section described in the previous sentence will begin with the aptamer content and 

have a separate section for the polymer content. The final sections of this dissertation are 

the conclusion sections and references.  
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2. Elements of Heart Disease and Coagulation 

 

2.1 History and discovery of coagulation  

Blood is a critical component in biology. Even in ancient cultures red hues, likely 

depicting blood, can be found in cave paintings and other such artifacts. In fact, the 

Chinese character for blood originates from hieroglyphical symbol “a sacrifice placed on 

a vessel,” (Tanaka et al., 2009a). In addition, Hippocrates, Celsus, and Aristotle noted 

that freshly drawn blood clots in a matter of minutes (Owen et al., 2001). In the early 

1720s surgeon Jean-Louis Petit reported that hemostasis resulted from the formation of 

clots after limb amputation (Owen et al., 2001). Then in 1828 Freidrich Hopff began to 

document a well-known bleeding tendency in males who had demonstrated robust 

hypo-coagulability; thus, blood coagulation was critical to prevent bleeding (Owen et al., 

2001). Since then, our understanding of blood and blood coagulation have expanded 

immensely and these sections will focus on aspects of the coagulation process as it 

pertains to the design of therapies to control coagulation.  

Most individuals who attain adulthood have experienced a trivial injury which 

results in bleeding and after a few minutes the blood begins to solidify in a process 

known as coagulation. The ability to transform blood from a liquid phase to a solid 

phase represents a complex system of enzymatic activation and inhibition.  The first 

concept of coagulation was presented in 1964 by Davie, Ratnoff and McFarlane depicted 
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as a series of amplifying catalytic reactions as a waterfall/cascade (Intro Figure 1) (Davie, 

2003; Davie and Ratnoff, 1964). The model has since been modified using  cell-based 

approach outlining the complex interplay between various coagulation components 

(Intro Figure 2) (Hoffman and Monroe, 2001).  Mammalian blood coagulation is 

governed by complex interplay between positive and negative feedback mechanisms 

(Davidson et al., 2003). Although the importance of blood in other biological processes is 

immeasurable, we will discuss the defense mechanism by which blood coagulation 

detects injury and prevents exsanguination to enhance survival (Krem and Di Cera, 

2001; Lindqvist et al., 1998; Patthy, 1990) and focus on how careful control of this process 

is essential during most surgical procedures.   
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Figure 1 : Waterfall cascade for blood clotting 

Adapted from Davie and Ratnoff, Science 1964, original publication. Represents 

one of the earliest models of blood clotting and coagulation.  
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Figure 2 : Cell- based model of blood coagulation 

Adapted from Hoffman and Monroe Journal of Thrombosis and Haemostasis 2014. 

Represents an updated model for coagulation.  
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2.2 Coagulation factors  

Between the years 1943 and 1957, also known as the golden age of blood 

coagulation, no less than eight clotting factors or coagulation factors were discovered 

(Hougie, 2004). Each factor was discovered by studying patients with rare congenital or 

inherited abnormal tests of clotting function. On genetic principles, it was assumed that 

the patient would have normal compliment of all clotting factors with the exception of a 

single factor being absent or severely reduced. This assumption proved to be correct as 

verified by comparing the relative ability of the plasma tested with normal plasma to 

correct the abnormal results found in the clotting deficient patient. As a result, these 

factors were given the name of the patient to provide a simple nomenclature system. 

However, a roman numeral system was generated as opposed to eponyms in 1962 for 

factors I – XII (Wright, 1962). 

Coagulation of mammalian blood is comprised of  several components 

including:  five proteases [Factor VII (FVII), Factor IX (FIX), Factor X (FX), Protein C (PC) 

and Prothrombin (PT)], and five cofactors [(Tissue Factor (TF), Factor V (FV), Factor VIII 

(FVIII), Thrombomodulin and protein S], which ultimately results in the generation of 

fibrin (Davidson et al., 2003). Intro Table 1, outlines the components of the cell based 

coagulation system, specifically the amount and concentration of the components 

mentioned above.  
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Table 1 : Components of cell-based model of coagulation 

Component Amount (µg/mL) Concentration (nM)  
Monocytes (TF-bearing cells) 

 
< 1 pM 

Platelets (not µg/mL) 125,000/ µL 
 

Prothrombin 100 1400 
FV 7 20 
FVII 0.5 10 
FVIII / vWF 0.1 0.3 
FIX 4 70 
FX 8 135 
FXI 5 25 
Antithrombin 180 3000 
TFPI 0.1 3 

 

Adapted from (Roberts et al., 2006).  
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2.3 Heart disease by the numbers 

Heart disease often referred to as cardiovascular diseases (CVD) have declined in 

the United States; however, the burden remains troublingly high. A report by the 

American Heart Association published in 2016 found that approximately one out of 

every three deaths in the United States is attributable to CVD based on (Writing Group 

et al., 2016) and the following statistics are in reference to the report. These data suggest 

that on average one American will die of CVD associated diseases and complications 

every 40 seconds resulting in about 2,200 deaths per day.  

Despite the overall decrease in CVD mortality between 2003 and 2013, 

approximately 29%, the national statistics illustrate the true disease burden. Of the 2.6 

million deaths in the United States in 2013, approximately 800,000 were associated with 

CVD. The overall rate of death for that year was 223 per 100,000 Americans.  

The majority of CVDs result in medical interventions either by palliative means 

or invasive procedures. Since our lab predominantly seeks to generate newer and 

improved anticoagulants for use in cardiovascular operations, we will focus on the 

statistics that pertain to surgical procedures.  The total number of inpatient operations 

and procedures between 2000 and 2010 increased by 28% from about 5.9 million to 7.5 

million. Of which, non-admission percutaneous coronary interventions increased from 

approximately 60,000 to 106,000 with a modest decrease in percutaneous coronary 

interventions from about 363,00 to 295,000. An estimated annual cost for CVD and 
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strokes between 2011 and 2012 was $316.6 billion with CVD costing more than any other 

diagnostic group. For contrast, an estimated $88.7 billion of direct cost was spent on 

cancer, which is approximately 28 % of CVD costs.  

     

2.4 Anticoagulation and anticoagulants 

Anticoagulation is used during cardiovascular surgeries and most invasive 

procedures to prevent thrombosis. In addition, anticoagulants limit ongoing thrombosis 

in several CVD associated indications, for example, acute myocardial infarctions, 

ischemic stroke, and pulmonary embolisms. Thrombosis can lead to deleterious effects 

on patient outcome. Unless blood is flowing in an endothelial vessel it begins to 

coagulate, also when it comes into contact with artificial surfaces (Despotis et al., 1994). 

In a surgical setting, blood inevitably contacts artificial surfaces and, in some 

procedures,  blood is removed from the body. Cardiopulmonary bypass (CPB), for 

example, puts patients at risk for several and often life-threatening complications 

(Hardy et al., 1991). In fact, the majority of the patient’s blood is circulating in artificial 

tubes, pumps, etc., where control of the coagulation cascade is critical. Anticoagulants 

are commonly used during surgery and several patients will receive anticoagulants as 

part of post-surgical prophylaxis. 

The most ubiquitous rapid onset, injectable anticoagulant is heparin, primarily 

because it is inexpensive, readily available, and effective (Bick and Frenkel, 1999). It is 



 

11 

the most common agent for the treatment of acute thrombosis and has been the case for 

nearly half a century. Its pervasiveness in the clinic has commonly led to complacency 

with little attention paid to the possible complications associated with the 

administration of heparin. Excessive bleeding is the obvious potential complication of 

heparin as an anticoagulant; however other sequelae have been identified. For example, 

heparin-induced thrombocytopenia (HIT) and heparin-induced thrombocytopenia with 

thrombosis (HITT) are continually being reported. We will only focus on HIT and HITT 

as an example of a negative complication associated with heparin to highlight the need 

for newer and improved anticoagulants such as those mentioned in the following 

sections.  

HIT was first described by Fidler and Jacque 1948, around the same time heparin 

was being introduced (Fidlar and Jaques, 1948). The effects usually manifest five or more 

days after the administration of heparin. HIT has been shown to lead to thrombotic 

complications in some patients likely due to in vivo platelet activation (Warkentin et al., 

1994). It has been noted that HIT is a risk factor for thrombotic complications. The 

reversal agent for heparin, protamine sulfate, is also associated with adverse events. 

Clearly, there is a need for improved anticoagulants to combat the negative side effects 

of current anticoagulants. Our lab seeks to use aptamers to fill this void and the next 

sections introduce this approach      
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2.5 History and discovery of aptamers  

Aptamers are single stranded nucleic acids that bind with high affinity to defined 

targets ranging from cells to proteins akin to naturally occurring RNA-protein 

interactions (Sullenger and Nair, 2016; Tanaka et al., 2009b). The concept of aptamers 

emerged in the 1980’s from the study of HIV where virally encoded RNAs bound to 

viral and cellular proteins with profound affinity and specificity (Nimjee et al., 2009; 

Nimjee et al., 2017). Further analysis revealed that these RNAs evolved to modulate 

cellular networks in order to ensure efficient virion production and dissemination 

(Cullen et al., 1989; Marciniak et al., 1990a; Marciniak et al., 1990b). Human 

immunodeficiency virus (HIV), for example, has evolved a portion of its RNA genome, 

the trans-activation response (TAR) element, which binds to virally encoded TAT and 

host cellular protein cyclin T1. TAR functions as an aptamer that usurps cellular 

transcriptional machinery to ensure efficient virion production.  This observation was 

the impetus to begin testing if this technology could be applicable to translational 

research (Sullenger et al., 1990). 

In 1990, SELEX (systematic evolution of ligands by exponential enrichment) was 

described by Tuerk and Gold and Szostak and Ellington as a combinatorial chemistry 

and molecular biology technique to generate short nucleic acids that bind to molecular 

targets (Tuerk and Gold, 1990). Though RNAs are often depicted as single strands in 

many graphical representations, Intro Figure 3 demonstrates the procedure with shapes, 
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which is a more accurate representation of the RNA and the SELEX components. The 

process begins with the synthesis of a large oligonucleotide library and for the purpose 

of this study we will focus on RNA. Each RNA in the starting pool contains a random 

region of 40 nucleotides, which provides the sequence and structural diversity, flanked 

by fixed 3’ and 5’ that serve as primers. The pool is then incubated with the target of 

interest, usually a protein, and the unbound RNAs are removed. The protein is removed 

from the system following by the elution and PCR amplification of the RNA sequences 

that were bound to the protein. Subsequent rounds of selection are performed with 

alterations on the stringency of the elution conditions and binding conditions to aid in 

the goal of isolating RNA aptamers that bind with high affinity and specificity to the 

target of interest. Since the original SELEX procedure in 1990, there have been several 

modifications to the process; however, we will focus on the protocol described above as 

it is the method that was used to generate the aptamer discussed herein.  

In addition to the profound specificity, aptamers are easily reversed by 

complimentary oligonucleotides harnessing Watson-Crick base pairing, which allows 

for rapid control of aptamer activity in vitro and in vivo (Rusconi et al., 2004; Rusconi et 

al., 2002). Through SELEX, our laboratory has generated aptamers and reversal agents to 

target the coagulation cascade, a critical pathway that must be controlled during most 

surgical procedures. 
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Aptamers fall under the category of biologically inspired medicaments, which 

are gaining more interest as demonstrated by the various monoclonal antibody therapies 

that are now available for clinical use. In addition, several oligonucleotide based 

therapies have been approved recently including antisense oligonucleotide and siRNA 

therapies. Though these drugs are potent, they are often limited by their short half-life in 

the harsh milieu of biological living systems. This is especially true with anticoagulant 

aptamers because they function in blood, where they can come in contact with several 

exo- and endo-nucleases. Clearance by the renal organs is another obstacle to overcome 

with respect to the design and formulation of biologically inspired therapies. Therefore, 

carrier molecules are appended to our aptamers to improve their therapeutic properties. 

The most common approach to enhance pharmacokinetic (PK) and pharmacodynamic 

(PD) properties of biologically inspired macromolecular drugs involves the conjugation 

to PEG. The following sections will highlight the pervasiveness of PEG in drug design 

and address some of the immunological complications that result from the 

administration of PEGylated therapies.  
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Figure 3 : Schematic representation of systematic evolution of ligands 
by exponential enrichment (SELEX) 

Adapted from (Nimjee et al., 2005).  
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2.6 History and discovery of polyethylene glycol (PEG) 

In 1859 Laurenco heated ethylene glycol and 1,2-dibromoethane and isolated 

oligo ethylene glycols by fractionation creating a powerful synthetic hydrophilic 

polymer that became the most successful and commonly conjugated moiety for 

enhancement of PK / PD (Kricheldorf, 2014). Since then, PEG has been used in a myriad 

of scientific applications, although the therapeutic utility was not considered until the 

1970’s. Of the early studies with PEG, Abuchowski and colleagues highlighted seminal 

observations about the effects of PEGylation on proteins (Abuchowski et al., 1977b). The 

addition of a 5 kDa and 19 kDa mPEG to bovine serum albumin (BSA) enhanced 

circulation time similar to the native protein and reduced the immunogenicity of the 

compound in rabbits. In the following sections we will discuss some of the recent 

findings that are in contrast to the initial studies by Abuchowski and colleagues.  

 

2.7 Utility and ubiquity of PEG 

PEGs are hydrophilic polymers of varying molecular weights consisting of (-

CH2-CH2-O-) in repeating units that are common in medical and commercial products 

(Wenande et al., 2015; Yamasuji et al., 2013). In aqueous solutions PEG holds a stable 

hydrogen bond with the water molecules creating a hydration layer which, in 

combination with the flexibility of PEG chains, reduces protein adsorption as seen in 

Intro Figure 4. Additionally, PEG increases the hydrodynamic size of conjugated 
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compounds and thwarts rapid renal clearance, thereby increasing the circulating time 

and PD properties (Zhang et al., 2016). These mechanisms rationalize the pervasiveness 

of PEG in drugs and everyday products. We will discuss PEGylated drugs with a focus 

on RNA therapeutics.  
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Figure 4 : Structure of polyethylene glycol (PEG) and properties 

Partially adapted from (Veronese and Pasut, 2005). Structural example of PEG, 

specifically methoxy PEG (mPEG). Schematic representation of PEG properties that 

engender PK enhancement: the formation of a hydration layer with water molecules and 

the flexibility of the molecule. The increase in overall mass by the addition of PEG also 

contributes to the positive attributes of PEGylation.   
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2.8 RNA aptamer RB006 and pegnivacogen  

A therapeutically relevant RNA aptamer, termed RB006 ,which is conjugated to a 

40 kDa methoxy PEG (mPEG), targets coagulation FIX/IXa and exhibits potent 

anticoagulant activity by binding to FIXa exosite 1 with 3-5 nM affinity (Cohen et al., 

2010). This binding inhibits the cleavage of FX to FXa which is a critical event involved 

in clot formation as demonstrated schematically in Intro Figure 5. RB006 is part of the 

REG1 system, a novel combination of the rapid onset anticoagulant RB006 and reversal 

antidote RB007 that was used in patients undergoing percutaneous coronary 

intervention (PCI) (REGULTE-PCI) to tightly control blood coagulation (Cohen et al., 

2010; Povsic et al., 2011a; Povsic et al., 2011b; Povsic et al., 2016). Under the trade name 

pegnivacogen, this aptamer was tested against the standard-of-care treatment. Phase I 

and II clinical trials demonstrated encouraging results. Following a single intravenous 

bolus infusion of pegnivacogen (1 mg/kg), 0.6% of the patients (10 out of 1,605) 

experienced a severe adverse allergic event, causing early termination of the study. 

Subsequent investigation correlated the severity of the allergic reactions to the presence 

of pre-existing anti-PEG antibodies in these patients predominantly of the IgG subclass 

(Ganson et al., 2016; Povsic, 2016). These observations demonstrate how PEG, a molecule 

that was previously thought to be biologically inert, was likely responsible for the failure 

of a late-stage clinical trial due to high levels of pre-existing anti-PEG antibodies. This 
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result joins a growing number of studies that indicate that PEG may not be as inert as 

previously believed. 
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Figure 5 : Mechanism of RNA aptamer RB006 anticoagulant activity 

Adapted from (Woodruff and Sullenger, 2015). 
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2.9 PEGylated therapies and PEG hypersensitivity  

PEGs have been generally considered as biologically inert and have been 

previously described as “non-fouling.” However, severe hypersensitivity reactions are 

being reported more frequently along with their continual use (Yamasuji et al., 2013). 

Early initial studies with PEGylated BSA in rabbits, indicated that there were no signs of 

anti-PEG antibodies or hypersensitivities associated with the administration of 

PEGylated proteins (Abuchowski et al., 1977a; Abuchowski et al., 1977b). Since then, 

several reports have demonstrated that anti-PEG antibodies could be generated with 

repeated administration (Ishida and Kiwada, 2013; Koide et al., 2010), although the 

clinical relevance of these findings were unclear at the time. Currently, a growing body 

of work suggests that potential hazards behind PEGylated therapies exist for agents in 

the drug development pipeline as well as currently approved compounds. Interestingly, 

the FDA is currently revising the guidelines for preliminary screening of anti-PEG 

antibodies for human clinical trials (Verhoef et al., 2014). This change is due, in part, to 

the unfortunate complications that arose in the Phase 3 clinical trial, REGULATE – PCI 

evaluating an RNA aptamer.  

In 2010, a PEGylated recombinant mammalian uricase (pegloticase, Krystexxa®) 

was approved by the FDA for the treatment of refractory gout (Sundy et al., 2011). In 

phase 1 studies it was discovered that single injections of pegloticase, administered by 

both subcutaneous and intravenous routes, induced anti-PEG antibodies in about 40% of 



 

23 

patients (Ganson et al., 2006; Sundy et al., 2007). In these and later phase 2 and 3 clinical 

trials, the induction of anti-PEG antibodies was associated with rapid clearance of 

pegloticase from plasma, loss of efficacy, and with an increased frequency of infusion 

reactions (Hershfield et al., 2014; Lipsky et al., 2014; Sundy et al., 2011; Sundy et al., 2008). 

In one of these trials, pre-existing anti-PEG antibodies were detected in pre-treatment 

samples from half of the patients in whom treatment with pegloticase as a consequence 

induced higher levels anti-PEG antibodies (Hershfield et al., 2014). 

 

2.10 RADAR and REGULATE-PCI clinical trials 

In 2009 the Phase 2b, a randomized, partially-blinded, multicenter, active-

controlled, dose-ranging study assessing the safety, efficacy, and pharmacodynamics of 

the REG1 anticoagulation system (pegnivacogen and its complementary control agent 

RB007 or anivamersen) compared to unfractionated heparin or low molecular heparin in 

subjects with acute coronary syndrome (RADAR) was initiated (Povsic et al., 2013).  The 

objectives of this study were to determine the dose escalation safety levels of the REG1 

system, confirm that the dose results in near-complete inhibition of FIXa, and the 

efficacy of the aptamer as an anticoagulant. Though the results were promising, there 

were a few SAEs reported in patients who received the PEGylated aptamer therapy 

(Povsic et al., 2011c). This was the first indication of potentially negative reactions to 

RB006 in humans. However, under the direction of the FDA a Phase 3 study was 
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approved citing the safety of previous PEGylated therapies and the need to understand 

this phenomenon further. At the time, there was little evidence of PEGylated aptamer 

hypersensitivity reactions and the effects of administering PEGylated therapies were 

beginning to be reported. For example, the pegloticase study, which differed from the 

RADAR in that the PEGylated agent was a protein not an aptamer, was being 

investigated by Dr. Hershfield and colleagues.  

In contrast to the pegloticase study, the REGULATE-PCI trial illuminated a 

different issue where pre-existing anti-PEG antibodies were the likely cause of allergic 

reactions. This observation is particularly relevant in today’s world where upwards of 

70% of healthy blood donors have now been reported to contain anti-PEG antibodies as 

compared to 0.2% two decades ago (Richter and Akerblom, 1984; Yang et al., 2016). The 

advancement of diagnostic techniques somewhat rationalize this difference. 

Nevertheless given the pervasiveness of PEG in everyday life and the cautionary tale of 

REGULATE-PCI trial, a more detailed investigation is warranted. In this study, we 

utilized well established models of blood coagulation and the PEGylated aptamer RB006 

that was used in the REGULATE-PCI Phase 3 clinical trial to explore the effects of anti-

PEG antibodies on a PEGylated-drug’s activity in vitro and efficacy in vivo. These data 

serve to inform the development of the many PEGylated drugs currently in clinical trials 

(Jevsevar et al., 2010; Kolate et al., 2014), the use of clinically available PEGylated drugs, 
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and provide insight into the complex interplay between immunity and PEGylated 

compounds for future therapeutic development.   
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3. The Complex Interplay Between Inflammation and 
Cancer 

 

3.1 History and discovery of inflammation  

Inflammation is a critical process that is essential for maintaining normal 

hemostasis. In the first century C.E., the Greek philosopher Celsus described the four 

basic symptoms of inflammation: redness, swelling, heat, and pain. Since then, early 

investigators characterized the primary function of inflammation as a host defense 

mechanism. Inflammation is comprised of capillary dilation, accumulation of fluid and 

the recruitment of cognate immune effectors (Lewis and History of Medicine Collection 

(David M. Rubenstein Rare Book & Manuscript Library), 1927; Metchnikoff, 1905).  In-

depth analysis by contemporary investigators demonstrate how the inflammatory 

process and the immune system are interrelated (Gallin et al., 1992). The melding 

between inflammation and immune processes is essential for survival. Dysregulation of 

these systems is a hallmark of pathological inflammation. Although adaptive immunity 

can be at play during inflammation, we will focus on innate immunity. Also, the studies 

conducted in these chapters focus primarily on the innate immune system. 

Innate immunity and the adaptive immune system coordinate a biological 

process that helps protect the host from potential infections. The major difference 

between these two arms is the ability of the adaptive immune response to mount a 
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highly tailored and specific response that can be remembered in specific cell types, 

whereas innate immunity is more general and incapable of memory (Paul, 2013). Innate 

immunity and inflammation have traditionally been discussed in the context of 

theirability to recognize invading pathogens including bacteria, viruses, and fungi. 

However, there is a growing appreciation for the stimulation of innate immunity via 

endogenous sources.  

The “Danger Theory” was first described by Polly Matzinger in 1994 (Matzinger, 

1994), which connects endogenous inflammatory molecules to a variety of human 

diseases. This theory explains how self-constituents are capable of triggering an immune 

response.  These inflammatory responses are capable of establishing chronic 

inflammation and exacerbate already established disease states. Regardless of the 

source, the innate immune system surveys both the intracellular and extracellular milieu 

through a set of receptors that ultimately lead to inflammatory response. In the 

following sections we will introduce some of these receptor families and provide an 

overview of how dysregulation of the inflammatory process can promote and enhance 

oncogenesis. 

 

3.2 Inflammation and cancer  

In the nineteenth century, a German physician Rudolf Virchow made a critical 

observation that certain cancers were inherently associated with immune cells, thereby 
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establishing a link between cancer and inflammation (Balkwill and Mantovani, 2001). 

Though limited by the technology of the time, his observations have recently been 

appreciated by clinicians and investigators alike. There is a growing understanding 

about how chronic inflammation plays a critical role in multiple stages of oncogenesis. 

Many cancer risk factors are attributed to inflammatory signals , which are analogous to 

the responses to viral and bacterial threats (Balkwill et al., 2005).  

Cancer has been defined by several hallmarks including: uncontrollable cellular 

growth, immortality, and tissue invasion. However, recent studies reveal another 

feature to consider – inflammation (Mantovani, 2009). Controlling the inflammatory 

cascade plays a huge role in oncogenesis. Epidemiological studies have proven that 

chronic inflammation can render some individuals more susceptible to cancer. An 

estimated 15-20% of all cancer related deaths are linked to pre-existing infections and 

inflammatory responses (Balkwill and Mantovani, 2001). Some diseases such as, 

inflammatory bowels disease, increases the risk of cancer and exemplify a scenario 

where excessive inflammation is a predictor for poor patient outcome. Additionally, 

bladder, cervical, gastric, intestinal, esophageal, ovarian, prostate and thyroid cancer are 

associated with excessive inflammation (Mantovani et al., 2008). Correspondingly, 

treatment with anti-inflammatory agents reduces malignancy of many cancer types 

(Chan et al., 2007; Flossmann et al., 2007; Koehne and Dubois, 2004).  
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The relationship between cancer and inflammation can be driven either by 

inflammatory processes that increase the risk of cancer known as the extrinsic pathway 

or result from genetic abnormalities that cause cancer and inflammation called the 

intrinsic pathway (Mantovani et al., 2008). Mutations of the cell genome, chromosomal 

rearrangements, and inhibition of tumor suppressing genes are examples of the intrinsic 

pathway resulting in the production of pro-inflammatory molecules. This creates a 

hyper-inflamed microenvironment in tumors and contributes to enhanced malignancy 

often observed in breast cancer, for example (Borrello et al., 2005).  Alternatively, 

inflammatory conditions that arise from either endogenous or exogenous origins 

increase the risk of developing cancer, as exemplified in prostate, colon, and pancreatic 

cancers. Both scenarios can be at-play in a canonical cancer setting and converge on the 

activation of pro-inflammatory transcription factors like nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB) (Intro Figure 6). The signals then diverge 

based on the type of malignancy and other factors that can either promote or stymie 

oncogenesis. For our purposes, we will focus on the extrinsic pathway that establishes 

and progresses cancers of the of the pancreas.  

  



 

30 

 

Figure 6 : Aberrant inflammation as it relates to cancer progression 

Activation of the inflammatory response by DAMPs from dead and dying cells 

results in anti-tumor immunity or aberrant inflammation. If un-checked, hyper 

inflammation can lead to tumor development and metastasis. T = T-cells, M = 

macrophages, and DC = dendritic cell as examples of cognate immune effectors.  
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3.3 Inflammatory receptors - PRRs 

Pattern Recognition Receptors (PRRs) are one of the most primitive aspects of the 

immune system that allow the host to identify inflammatory stimulants of both 

exogenous and endogenous sources (Gordon, 2002). These germline encoded receptors 

for conserved molecular moieties are critical to many cellular processes. More 

importantly, the receptors that are involved in proper initiation of immune responses, 

which can ultimately lead to inflammation. PRRs are classified based on their ligand 

specificity, function, and location in the cell. The selective pressures on these receptors 

dictate their ligand specificity and their downstream activity (Janeway and Medzhitov, 

2002). Though they are involved in several other cellular mediated processes, we are 

primarily concerned with their ability to recognize harmful or “danger” molecules.  

Here, we will focus on one family of PRRs as it is one of the most integral to the 

inflammatory process and one of the most well studied.    

 

3.4 TLRs and NF-κB 

The Toll-like receptor (TLR) family is one the most well characterized classes of 

PRRs in mammalian species and encodes for proteins that are homologs of the 

Drosophila Toll protein (Iwasaki and Medzhitov, 2004). They are tasked with sensing a 

diverse set of structural motifs that are created by microbes and those generated from 

the host. TLRs are a type 1 transmembrane protein comprised of an extracellular leucine-
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rich repeats (LRR) domain that engages the ligands and a cytoplasmic tail bearing a 

Toll/IL-1R (TIR) domain, which orchestrates a cell-signaling cascade that converges on 

the activation of pro-inflammatory cytokines as outlined in Intro Figure 7  (Jin and Lee, 

2008). As a result, an inflammatory process is initiated in order to clear the initial source 

of infection and/or mediate the repair of damaged tissue (Loiarro et al., 2010). 

 These receptors exist on the cell surface and within the cytosol, thereby 

enhancing their ability to survey possible threats inside and outside of a cell. At least 10 

human and 12 mice TLRs have been identified (Kawai and Akira, 2007). In the case with 

humans, TLRs 1, 2, 4, 5 and 6 are located on the cell surface and historically detect 

bacterial membrane-associated macromolecules such as lipoprotein, lipopolysaccharide 

(Judge et al.) and peptidoglycan (Kawai and Akira, 2007). TLRs 3, 7, 8 and 9 are located 

within the cell in endosomes and recognize bacterial, viral, or endogenous nucleic acids 

including:  single stranded RNA (ssRNA), double stranded RNA (dsRNA) and 

unmethylated CpG containing DNA (Lee et al., 2011). Regardless of location, TLR 

signaling consists of two distinct pathways: a MyD88- dependent pathway that results 

in the production of inflammatory cytokines and the MyD88-independent pathway that 

leads to the stimulation of IFN-γ and the maturation of white blood cells (Sandor and 

Buc, 2005a).  

TLRs are distributed on the surface of many immune effectors and a variety of 

cell types (Sandor and Buc, 2005b). In a study performed by Hayashi and colleagues, 



 

33 

most human tissues express at least one TLR, and several contain all, including the 

spleen and peripheral blood leukocytes (Hayashi et al., 2003). By examining the types of 

TLRs in the various niches of the human body there appears to be a logical rationale for 

the number and type of TLRs that are expressed. For example, professional phagocytes 

express the highest variety of TLRs with neutrophils expressing all but TLR3. These cells 

make up the majority circulating phagocytes, ranging from 40-70% of all circulating 

white blood cells and are usually the first-responders to a site of infection and tissue 

duress (Medzhitov et al., 1997). Therefore, it is advantageous for this immune cell to 

express multiple TLRs so that the breadth of stimuli is detected and the proper signal is 

transduced. This concept is not exclusive to immune effector cells, as distinct subcellular 

distribution of TLRs in epithelial cells is also observed. By contrast, it is thought that 

cells of the gastrointestinal tract lack TLR expression because they are in constant contact 

with a plethora of antigens ranging from viruses to animals (Gewirtz et al., 2001). TLR 

expression is tightly regulated in order to diminish the possibility of inappropriate PRR 

activation, which can end up causing unintended damage to the host. Despite the 

careful orchestration and conservation of TLRs and other PRRs, aberrant inflammation 

still occurs with high frequency and can result in diseases including cancer (Mantovani 

et al., 2008; Wen et al., 2013; Zambirinis et al., 2015).    

If PRRs are the components of the innate immune system that are the first to 

encounter exogenous and endogenous molecules, the NF-κB family of transcription 
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factors are the messengers tasked with the transmission of these signals to mount the 

proper response.  NF-κB, for example, is found in nearly all animal cell types and 

comprises a family of inducible transcription factors as well as being the master 

regulator of the inflammatory response (Karin et al., 2002). Stimulation of the NF-κB 

pathway is mediated by a wide array of signals such as those initiated by the binding of 

ligands to their surveying PRRs. These signals activate the kinases inhibitor of nuclear 

factor kappa B kinase subunit alpha (IKKα) and IKKβ, which phosphorylate the 

inhibitory proteins called inhibitor of kappa B (IκB) marking it for degradation. The 

degradation of IκB allows for the translocation of NF-κB from the cytosol to the nucleus 

where it can begin the expression of inflammatory genes encoding at least 27 different 

cytokines and chemokines (Li et al., 1999). As this pathway is well understood, the 

potential for generating agents that can either block or activate the NF-κB pathway is a 

promising area of research since NF-κB not only controls immunity and inflammation 

but also cell survival (Karin and Greten, 2005). Careful control of the NF-κB family is 

crucial for the development of anti-inflammatory therapies and our laboratory uses this 

concept to screen for potential novel therapeutic compounds.   

By comparison, the sensors of the innate immune system are less specific than 

those of the adaptive immune system. Additionally, their mechanisms of activation are 

inherently redundant, which is an advantage for designing therapeutics to thwart 

inappropriate PRR activation (Luo et al., 2004). Many investigators intend to use this 
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property to design novel drugs to block DAMPs that would normally contribute to the 

disease state (Narasimhan et al., 2016). Though these approaches have been met with 

moderate success, we argue that modulation, as opposed to complete inhibition of 

agonism is pivotal in order to see such therapies in the clinic. Even though there are 

mechanisms to inhibit TLR activation by endogenous ligands, deleterious immune 

responses often occur because the suppressive signals are inadequate. TLR / NF-κB 

reporter cells were critical reagents for the following studies that sought to test if nucleic 

acid binding polymers (NABPs) mediated disease amelioration.  
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Figure 7 :  Pattern recognition receptor (PRR) mediated inflammatory 
activation 

Engagement of TLRs by their agonists initiate both the MyD88 dependent and 

independent pathways resulting in the transcription of pro-inflammatory cytokines and 

Type-1 interferons respectively. The signals converge on the IKK complex and NF-kB 

proteins which regulate the inflammatory response. NOD-like receptors (NLRs) are 

additional examples of PRRs added in this figure to demonstrate the complexity of the 

inflammatory process.   
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3.5 Inflammatory initiators and mediators – DAMPs and PAMPs  

Though PRRs initiate the innate system in response to pathogens or pathogen 

associated molecular patterns (PAMPs), they can also be stimulated by self- or 

endogenous molecules, known as damage associated molecular patterns (DAMPs).  The 

stimulation of TLRs and other PRRs by DAMPs and PAMPs begin a cascade of 

inflammatory responses defined by the activation of pro-inflammatory transcription 

factors such as NF-κB and expression of type 1 interferons (IFNs) (Barbalat et al., 2011). 

This process often results in a robust inflammatory response. We will focus on DAMPs 

since their role in cancer metastasis is more profound in the context of the experiments 

conducted herein.  

Eukaryotic cells contain a plethora of intracellular molecules that are usually 

contained within the cell’s membrane; however, cell autonomous signals can often 

liberate and expose these molecules to the extracellular environment and provoke PRRs 

(Wegiel et al., 2015). For example, dead and dying cells release nucleic acids into the 

extracellular space (Pisetsky, 2008). The circulating RNAs and DNAs can be recognized 

by multiple PRRs and initiate the inflammatory cascade (Takeda and Akira, 2005). This 

process is crucial for controlling infections and repairing damaged tissues. However, 

inappropriate activation of TLRs and NLRs is often the main cause of many diseases 

(Lee et al., 2011). Interestingly, the cytokines and chemokines that result from the initial 
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inflammatory response can then lead to by-stander cell death and perpetuate the 

inflammatory cascade.  

Examples of DAMPs include DNA, RNA, heat shock proteins (HSPs), ATP, uric 

acid, mitochondrial DNA, and hyaluronan (Kumar et al., 2011; Mogensen, 2009; Wegiel 

et al., 2015). Of the nearly 20 DAMPs now characterized, high-mobility group box 1 

(HMGB1) is the most studied. We will focus on a few molecules to provide an example 

of how a specific DAMPs can be involved in a myriad of biological processes. HMGB1 is 

a chromatin-associated protein that is actively released by hematopoietic cells and is a 

major player in endotoxin shock (Wang et al., 2004). This protein activates cells via TLRs 

2, 4 and receptor for advanced glycation end products (RAGE) receptors. Though 

HGMB1 is used for white blood cell differentiation, its association with host DNA makes 

it a common player in aberrant inflammation. HSPs, first described in the 1970’s, are 

ancient and highly conserved families of proteins that are found in all prokaryotes and 

eukaryotes who require protein folding. As their name suggests, these proteins are 

expressed at higher levels when cells are exposed to higher temperatures (Gallucci and 

Matzinger, 2001). HSPs are involved in the cross talk between innate immunity and 

adaptive immunity, by binding antigens and presenting them to cognate immune cells. 

Hsp70 is the primary subtype in this process and has been known to be a huge 

contributor to aberrant inflammation (Sevin et al., 2015). Under normal conditions, 

HMGB1 and HSPs are integral to maintaining normal cellular processes; however under 
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chronic inflammatory conditions these protein complexes are released into the 

extracellular milieu and activate canonical PRRs. We hypothesize that the release of such 

DAMPs into human blood and tissue creates a state of aberrant inflammation and by 

binding these complexes with therapeutic scavengers these disease states could possibly 

be ameliorated.  In the following section we will outline a potential agent that our lab 

seeks to employ in order to bind DAMPs and limit inappropriate PRR activation 

 

3.6 Synthesis of Starburst dendrimers and polyamidoamine 
(PAMAM) 

In the 1980’s a new class of gene delivery reagent was introduced, the Starburst 

dendrimers, that are characterized by their spherical structure and outer shell comprised 

of primary amino groups (Roberts et al., 1990). In physiological pH the primary amine 

groups are protonated producing an overall positive charge that can bind negatively 

charged molecules, namely DNA and RNA. Prior to discussing the anti-inflammatory 

properties of this molecule, we will outline some of the preliminary investigations into 

the functionality of the PAMAM dendrimers.  

In early studies, the polymers were tested for their ability to bind DNA as a gene 

delivery agents in cell culture (Kukowska-Latallo et al., 1996). It was noted that Starburst 

dendrimers can be used to mediate the transfer of genetic material in a highly efficient 

and nonspecific manner. PAMAM dendrimers formed stable complexes with DNA in 
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vitro with many eukaryotic cells. In another study, PAMAM generations 3 and 4 were 

specifically used as linker molecule and improve the specificity of radiolabeled 

antibodies (Roberts et al., 1990). 

The studies enclosed herein focus on the use of PAMAM-G3 (Intro Figure 8) as 

an anti-inflammatory agent; however, we will begin by discussing the historical starting 

point of the dendrimer in out laboratory.  
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Figure 8 : Schematic for the structure of PAMAM-G3 

Though there are several variations of PAMAM dendrimers, our laboratory 

focused on PAMAM-G3 for initial studies. This molecule contains 32 terminal amines 

that are protonated in physiological neutral pH. PAMAM-G3 was been shown to be less 

toxic than higher generations, while maintaining suitable cationic binding properties.  
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3.7 PAMAM as a reversal agent for aptamers 

Despite the original applications of PAMAMs as gene delivery agents, our 

laboratory has explored the use of these polymers in other contexts. As the terminal 

amines in PAMAM are protonated they are capable of binding negatively charges 

nucleic acids and nucleic acid complexes. By harnessing the cationic properties of 

PAMAM-G3, we aimed to test if these cationic polymers were efficient agents to reverse 

the activity of RNA aptamers. In the previous chapter we discussed how aptamers have 

the potential to be effective therapies due, in part, to their facile reversibility. Currently, 

a reversal agent is designed by harnessing Watson-Crick base pairing as defined by the 

specific aptamer sequence. However, the formulation, isolation, and testing of reversal 

agents can be laborious and a universal reversal agent would accelerate this process 

immensely.  

To test the potential of PAMAM-G3 as a reversal agent, Oney and other members 

of our laboratory used a clinically relevant method to measure plasma clotting time, 

activated partial thromboplastin time (aPTTs).  We observe aptamer mediated clotting 

time extension of human plasma with samples that only contain the anti-FIXa aptamer 

9.3t, which is the parent molecule of RB006 (Oney et al., 2009) (Intro Figure 9). However, 

in samples that contain polymers, in particular PAMAM-G3, we see a normalization of 

clotting time. This study indicates that PAMAM could be a suitable reversal agent for 

aptamers and was the first experiment from or laboratory to include PAMAM-G3. 
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Though the true applications of the polymer will be discussed in the proceeding 

sections, historical context for the use of NABPs in our laboratory are relevant to the 

dissertation herein. We will now focus on the potential for PAMAM as an anti-

inflammatory agent and the possible therapeutic characteristics.         
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Figure 9 : Cationic polymer mediate aptamer reversal measured by aPTT 

Adapted from (Oney et al., 2009).RNA aptamer 9.3t, which is the parent molecule 

of RB006 discussed in the previous chapter, extends the clotting time of human plasma 

from 30 seconds to ~105 seconds at 150 nM. Several polymer, including PAMAM-G3 

(indicated by arrow), are capable of reversing the activity of the RNA aptamers.  
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3.8 PAMAM anti-inflammatory properties 

As demonstrated in the previous section the cationic and scavenging properties 

of PAMAM can be applied to various biological contexts. In this section we will discuss 

PAMAM-G3 as an anti-inflammatory molecule. We hypothesized that PAMAM-G3 can 

function as a NABP to scavenge the DNA and RNA from dead and dying cells to limit 

TLR activation and inflammation. In a study performed by our laboratory, we 

demonstrate that PAMAM-G3 is capable of reducing pro-inflammatory cytokine 

production as measured by TNF-a and IL-6 levels (Lee et al., 2011). As seen in Intro 

Figure 10, samples of murine macrophage cells exposed to several TLR agonists and 

PAMAM-G3 have reduced TNF-a and IL-6 levels, suggesting anti-inflammatory 

properties. These cellular assays imply that our hypothesis may be true; however, in 

order to truly test the potential of anti-inflammation in the therapeutic sense, we sought 

to test if PAMAM-G3 could ameliorate disease that are associated with aberrant 

inflammation or inappropriate PRR activation.  

For example, systemic lupus erythematosus (SLE) or commonly known as lupus, 

results from the production of anti-nucleic acid antibodies and is highly connected to the 

DAMPs that can activate the inflammatory cascade (Kirou et al., 2005; Kotzin, 1996). In 

fact, there have been several therapies that have been developed in an attempt to target 

nucleic acid sensing TLRs to dampen or reverse the SLE disease pathology (Barrat and 
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Coffman, 2008). Our lab began to test if we could expand on these early findings in 

order to test the possible therapeutic effects of NABPs.  

We evaluated the therapeutic potential of PAMAM-G3 in lupus-prone mice 

(NZBW F1), which develop autoimmune disease resembling human SLE and are 

characterized by elevated levels of pro-inflammatory cytokines. A well-established 

murine tape-stripping-induced dermal injury model was used, which mimics cutaneous 

lupus erythematosus (CLE) to determine if PAMAM-G3 could limit disease pathology. 

Mice were subjected to the tape-stripping protocol followed by the subcutaneous 

administration of the NABP PAMAM-G3 (Holl et al., 2016). As demonstrated in Intro 

Figure 11, we see the therapeutic potential of PAMAM in the lupus-prone mice. Animals 

who were administered PAMAM-G3 have reduced disease burden exemplified by 

proper wound-healing that correlated with improved gross pathology and tissue 

histology. In addition to the images of the lupus-prone mice, an un-biased histological 

score was produced that quantitatively verified PAMAM-G3 mediated diseases 

amelioration when compared to control mice treated with vehicle PBS. Though 

promising, the anti-inflammatory properties of PAMAM-G3 requires testing in other 

disease manifestation in order to further expand on the anti-inflammatory properties 

and potential for therapeutic application.  
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Figure 10 : NABP anti-inflammatory properties measured by reduction in pro-

inflammatory cytokines 

Adapted from (Lee et al., 2011). Murine macrophage cells were seeded in 96-well 

plates and exposed to TLR agonists alone as a positive control and with NABP 

PAMAM-G3 and pro-inflammatory cytokines were measured after incubation via 

ELISA. Reduction with PAMAM are seen in nucleic acid containing pro-TLR DAMPs 

ssRNA40, poly I:C, and CpG 1668.   
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Figure 11 : Amelioration of chronic skin inflammation in lupus-prone mice by 
PAMAM-G3 

From (Holl et al., 2016). Subcutaneous administration of PAMAM-G3 results in 

diminished cutaneous lupus like disease pathology in mice compared to vehicle control 

mice. Improved wound healing in a tape-stripping model of CLE with PAMAM mice is 

seen by gross pathology and tissue histology.   
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3.9 PAMAM anti-metastatic properties 

One of the most profound example of PAMAM as a therapeutic is the study 

which tests NABP- mediated inhibition of metastasis, of which I was an author (Naqvi et 

al., 2018). The findings in this article will be discussed in depth since these data closely 

resemble the experimental designs that utilize novel PAMAM-derivates that will be 

discussed in Chapter 5.  

Although NABPs have been used as vehicles for the delivery of RNA and DNA, 

our lab has recently discovered that these molecules may serve as anti-inflammatory 

agents. NABPs bind pro-TLR DAMPs and inappropriate activation of TLRs can result in 

aberrant inflammation. These events have been associated with the enhancement and 

establishment of several diseases as highlighted in the previous sections.  

The pathological role for inappropriate TLR activation in tumor progression and 

metastasis, though a relatively new concept, has been established. More specifically, 

TLR signaling has been associated with increased angiogenesis and tumor cell invasion 

(Harmey et al., 2002). This is also seen in breast cancer, colorectal cancer and pancreatic 

cancer (PC) (Ilvesaro et al., 2008; Ilvesaro et al., 2007; Zambirinis et al., 2015). The specific 

contributions of TLR activation mediated by circulating nucleic acid DAMPs to PC 

disease progression have been described by recent studies (Wen et al., 2013). We sought 

to test if NABP can be used to ameliorate PC pathologies.      
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The levels of cell free DNA (cfDNA) in cancer patients is notably higher than 

those of healthy individuals. In order to corroborate these findings, we measured the 

level of cfDNA in our PC patient cohort. We observe a statistically relevant increase in 

cfDNA levels in each of our PC patient sera. In order from lowest to highest we see 

elevated cfDNA levels in our pre-chemoradiation therapy (pre-CRT), post-CRT and 

metastatic samples (Intro Figure 12). PC patient cancer serum robustly activates human 

TLR 9 reporter cells (hTLR 9) as demonstrated in Intro Figure 13. In addition, we 

observe significant reduction in TLR activation with PC samples that contain PAMAM-

G3, which suggest NABP mediated inhibition of PRR activation. This trend was similar 

to those found in the previous sections; however, these data show more therapeutic 

potential as more biologically relevant samples were used as DAMP sources. Cellular 

invasion is a hallmark of cancer metastasis and using the well-stablished cellular 

invasion assay, we measured the extent of PC cell invasion in samples containing PC 

patient serum. As illustrated in Intro Figure 14, a statistically relevant higher number of 

invaded cells is seen when PC cells are subjected to PC patient serum, which has been 

previously established to contain elevated levels of cfDNA and hTLR 9 activation. 

Interestingly, in samples that contain NABPs fewer invaded cells are seen, suggesting 

that PAMAM-G3 is capable of reducing cellular invasion.  

We then began to evaluate the therapeutic potential of NABPs in a syngeneic 

immunocompetent murine model of PC metastasis, using the murine KPC4580P cell line 
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that contains a luciferase reporter gene. Through the mouse model as outlined in Intro 

Figure 15, it was determined that the administration of PAMAM-G3 intraperitoneally, 

results in reduction in PC cell metastasis as demonstrated by reduction in luciferase 

signal in the liver of treated animals and reduced liver weight when compared to vehicle 

control mice. See citation for more in-depth experimental design (Naqvi et al., 2018).  

Using this syngeneic mouse model of PC metastasis we see tumor cell invasion 

to the liver from splenic (orthotopically implanted) PC cells in vehicle treated mice 

(Intro Figure 16). Using luciferase intensity, the presence of KPC-luciferase cells can be 

quantified as demonstrated by bioluminescent flux. In addition, organ weight in vehicle 

treated mice is higher when compared to PAMAM treated mice as demonstrated in 

Intro Figure 17. The reduced bioluminescent signal in the liver of PAMAM treated mice 

correlates to lower liver weights as compared to vehicle saline treated mice suggesting 

NABP therapeutic properties. In addition to the previous studies, we add anti-metastatic 

properties of NABP to the list of potential therapeutic applications of PAMAM. The 

mechanism of NABP- mediated disease amelioration is essential if this approach is to be 

used as a therapeutic agent or in the context of the clinic. Therefore, I began to 

synthesize polymer derivatives to aid in this endeavor.  
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Figure 12 : Quantification of cell-free DNA (cfDNA) levels in PC patient sera 

From (Naqvi et al., 2018). Linear increases in cfDNA levels in samples from PC 

patients with the highest signal in metastatic disease. CRT = chemo radiation therapy 
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Figure 13 : PAMAM- mediated reduction of TLR activation in PC patient 
serum 

From (Naqvi et al., 2018). TLR 9 activation was measured using TLR-reporter 

cells. There are extensive pro-hTLR 9 DAMPs in PC caner samples that are scavenged by 

PAMAM-G3.  
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Figure 14 : Reduced cellular invasion by PAMAM-G3 

From (Naqvi et al., 2018). Using cell invasion assays we measured the extent of 

invasion by PC cancer serum, which is elevated compared to healthy serum. In samples 

that contain PAMAM-G3 and PC cancer serum we observe reduced cellular invasion 

less than or equal to the number of invaded cells in control healthy serum samples.  
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Figure 15 : Schematic for murine model of PC metastasis 

From (Naqvi et al., 2018). Represents the experimental outline for the 

murine model of PC metastasis. Briefly, C57/BL6 mice are anaesthetized and 

100,000 KPC-luminescent cells are explanted onto the spleen. Mice are either 

treated with PAMAM-G3 or saline as a vehicle control 48 hours post-surgery. 

PAMAM-G3 was administered IP biweekly for 4 weeks. At the end of the study 

mice were sacrificed and cell invasion of KPC-luciferase cells (indicative of PC 

metastasis) is measured using bioluminescent intensity of the spleen and liver, 

where metastatic potential would be seen in the liver.   
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Figure 16 : Bioluminescent intensity of spleen and lung compared by vehicle 
and PAMAM treated mice 

From (Naqvi et al., 2018). The liver bioluminescent intensity in PAMAM treated 

mice is lower indicating reduced PC metastasis using the syngeneic mouse model of PC 

KPC cell metastasis. Images are representative of each group.  
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Figure 17 : Organ weight compared by vehicle and PAMAM treated mice 

From (Naqvi et al., 2018). The weight of the liver form mice treated with 

PAMAM-G3 is significantly lower than vehicle treated mice correlating the results seen 

in the bioluminescent studies. These data verify that PAMAM-G3 exhibits anti-

metastatic properties.  

 

 



 

58 

3.10 The need for mechanistic understanding of PAMAM-mediated 
inhibition of inflammation 

In the previous sections we have outlined the alternative uses of a gene delivery 

reagent as a potential anti-inflammatory agent by harnessing the cationic properties of 

the molecule. We offer substantial evidence for PAMAM anti-inflammatory properties 

as measured by reducing TLR activation by a variety of DAMP sources including: 

conditioned media, cancer patient plasma and control TLR agonists. Historically 

however, cationic polymers in our laboratory were originally used as universal reversal 

agents for RNA aptamers, again by harnessing the electrostatic interaction between the 

positively charged terminal amines on PAMAM-G3 and the negatively charges 

phosphate backbone of nucleic acids.  

We demonstrate disease amelioration in lupus prone mice using a CLE and SLE 

mouse models and PC murine model of metastasis. Although these results are 

promising, we seek to determine the mechanism of PAMAM-G3 mediated DAMP 

scavenging. In the publication by Naqvi and Gunaratne and colleagues, a possible 

mechanism of action (MOA) was suggested, which involves the scavenging of 

microvesicles. There is correlating evidence for these claims; however, using PAMAM 

derivatives in the following section we will be able to determine MOA in these models 

and others. If NABPs are to be used as a therapeutic agents or as an alternatives to 

current treatment regimens it would be valuable to elucidate the MOAs.     
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4. Anti-PEG Antibodies Inhibit the Anticoagulant Activity 
of PEGylated Aptamers 

These results summarize the findings found in Moreno et al., 2019 Cell Chemical 

Biology and explore potential issues associated with the use of polyethylene glycol in 

therapeutics as introduced in Chapter 2. All figures in this section are from the citation 

above and will be noted in the figure legends; however, citation will be excluded in the 

text for simplicity.  

PEGylation of biologically inspired therapies has become the gold standard of 

formulation due to increased solubility, stability, and ease of conjugation. Although 

generally considered to be “non-fouling” repeat administration of PEGylated 

compounds has been shown to generate anti-PEG antibodies. The presence of anti-PEG 

antibodies is not only pharmacologically detrimental but also can pose a potentially 

serious safety concern, especially with an estimated 70% of the general population with 

circulating anti-PEG antibodies compared to 0.2% two decades ago. The early 

termination of the PEGylated aptamer RB006 Phase 3 trial exemplifies the possible safety 

concerns that can be associated with the administration of PEGylated therapies. 

However, little is known about how these anti-PEG antibodies affect PEGylated aptamer 

function since PEG immunogenicity is just now being investigated. Given the 

pervasiveness of PEG and the recent reports of PEG-hypersensitivities, a critical 

understanding of the extent of antibody-mediated drug neutralization is warranted. 
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Furthermore, if the trend in the number of people with anti-PEG antibodies continues to 

increase a critical question about PEG and its use as a stabilizing agent may be brought 

into question. Here, we address some of these concerns and begin to ask how these 

antibodies may affect PEGylated RNA aptamer therapeutic activity. The findings herein, 

will inform future therapeutic development and encourage precision medicine-based 

approaches for humans with anti-PEG antibodies. 

 

4.1 Anti-PEG antibodies in patient samples and mice recognize 
PEGylated aptamers  

We have previously shown that human anti-PEG antibodies induced by 

pegloticase, as well as pre-existing anti-PEG antibodies associated with first exposure 

reactions to pegnivacogen, recognize the PEGylated aptamer RB006 (Figure 18) and 

several PEGylated therapeutic proteins. However, these antibodies do not recognize the 

unPEGylated version of the same aptamer, named RB005, or the cognate unPEGylated 

proteins (Ganson et al., 2016). In order to begin testing if anti-PEG antibodies can directly 

interfere with a PEGylated aptamer’s function, we once again evaluated patient samples 

from the Krystexxa clinical trial, which contained anti-PEG antibodies. These samples 

were compared to pooled normal human plasma as a negative control. Similar to the 

competition ELISA in the aforementioned study, we observed that anti-PEG IgGs from 

patients are capable of binding to PEGylated compounds, which corroborates our 
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previous findings. These antibodies recognize two therapeutic PEGylated aptamers, 

RB006 and Macugen (Querques et al., 2009) as well as two PEGylated proteins ADAgen 

(PEGylated adenosine deaminase) and PEGylated uricase. However, they did not 

recognize the control unPEGylated aptamer RB005, which is identical to RB006 in 

sequence and functionality but lacks the PEG moiety, nor the unPEGylated protein 

adenosine deaminase (ADA). By contrast, no signal above background was observed for 

PEGylated drugs when testing samples from patients that lacked anti-PEG antibodies 

(Figure 19).  

Competition ELISAs were used to verify these findings and assess apparent 

affinity of patient anti-PEG IgGs to the aptamer RB006. As shown in Figure 20, only the 

PEGylated aptamer RB006 and PEGylated protein ADAgen can compete with patient 

antibody binding to RB006 and not the unPEGylated aptamer or unPEGylated protein. 

These results indicate that antibodies in the patient samples bind specifically to the PEG 

portion of the compounds and not to the nucleic acid or protein portions, which once 

again corroborates our previous findings (Ganson et al., 2016).      

Since patient antibody samples are limited and cannot be easily evaluated in 

murine models of disease, we also evaluated murine anti-PEG antibodies for their 

binding to RB006 using the same indirect ELISA approach. As shown in Figure 21, a 

murine anti-PEG antibody also binds RB006. Similar to the competition ELISA using 

patient samples, the murine antibody binds selectively to the PEGylated aptamer 
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(Figure 22). These data demonstrate that anti-PEG antibodies exclusively bind 

PEGylated compounds including aptamer RB006 but not the unPEGylated version 

RB005.  



 

63 

 

Figure 18 : RB006 Schematic 

From (Moreno et al., 2019). Schematic representation of the PEGylated RNA 

aptamer RB006 
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Figure 19 : PEGylated aptamers are recognized by anti-PEG IgGs in patient 
plasma - Indirect ELISA 

From (Moreno et al., 2019). Indirect ELISA demonstrates that plasma from anti-

PEG IgG positive patients (blue bars) exclusively detects PEGylated compounds 

including the PEGylated RNA aptamers RB006 and Macugen and the PEGylated 

proteins ADAgen (PEGylated adenosine deaminase). However, patient plasma 

containing anti-PEG antibodies did not detect the non-PEGylated controls, including a 

non-PEGylated version of ADAgen, termed ADA, and a non-PEGylated version of 

RB006, termed RB005. Additionally, patient plasma that is negative for anti-PEG IgGs 

did not detect any of the PEGylated compounds. Data represent the mean ± standard 

deviation (SD) of technical triplicates. *** denotes p-value < 0.001, using a t-test against (-

) PEG plasma. 
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Figure 20 : PEGylated aptamers are recognized by anti-PEG IgGs in patient 
plasma - Competition ELISA 

From (Moreno et al., 2019). Competition ELISA demonstrate that patient derived 

anti-PEG antibodies bind with more affinity to PEGylated verses unPEGylated 

compounds, as shown by a decrease in absorbance with increasing concentrations of 

either the PEGylated aptamer RB006 (blue) or the PEGylated protein ADAgen (orange). 

No change was seen with the unPEGylated controls RB005 (red) and ADA (purple). 

Data represents the mean ± SD of technical triplicates. ** denotes p-value<0.01, *** 

denotes p-value < 0.001, using t-test verses unPEGylated compounds.   
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Figure 21 : PEGylated aptamers are recognized by monoclonal anti-PEG IgGs - 
Indirect ELISA 

From (Moreno et al., 2019). A commercially available mouse monoclonal anti-

PEG antibody specific for PEG recognizes PEGylated aptamer RB006 (blue) and control 

PEGylated-BSA (black) but does not recognize the unPEGylated aptamer RB005 (grey) 

through indirect ELISA. Data represent the mean ± SD of technical triplicates. ** denotes 

p-value <0.01, *** denotes p-value < 0.001, using a t-test against unPEGylated RNA 

aptamer RB005. 
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Figure 22 : PEGylated aptamers are recognized by monoclonal anti-PEG IgGs - 
Competition ELISA 

From (Moreno et al., 2019). `Competition ELISA demonstrates that monoclonal 

anti-PEG IgGs bind to PEGylated aptamer RB006 (blue) with more affinity than to 

unPEGylated control aptamer RB005 (red). Data represent the mean ± SD of technical 

triplicates. ** denotes p-value<0.01, *** denotes p-value < 0.001, using a t-test against 

unPEGylated RNA Aptamer RB005. 
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4.2 The presence of anti-PEG antibody reduces aptamer binding to 
target FIXa 

After we confirmed the molecular recognition of PEGylated aptamers by anti-

PEG antibodies, we hypothesized that the binding of an IgG (~150 kDa) to RB006 (~50 

kDa) might hinder the ability of the aptamer to bind its target protein Factor IXa (FIXa). 

To better understand the binding characteristics of the aptamer – anti-PEG antibody 

complex to FIXa, we used surface plasmon resonance (SPR). We immobilized FIXa to a 

CM5 sensor chip and tested the binding of RB006 to the coagulation factor in the 

presence of varying concentrations of anti-PEG IgG. In Figure 23, the SPR competition 

studies reveal that the binding of RB006 to FIXa is inhibited when increasing 

concentrations of anti-PEG antibodies are added, as indicated by a reduction in 

Response Units (RU). When RB006 alone was injected over the FIXa coated surface we 

observed a robust increase in RU, in contrast to all samples that contain anti-PEG 

antibodies where only a limited increase in RUs is observed. Additionally, we detected 

lower binding as the molar ratio of anti-PEG IgG increased indicating that this effect is 

potentially concentration dependent. Additional experiments with more concentrations 

of anti-PEG antibodies is required to definitely determine the extent of binding 

inhibition. Direct interaction between the aptamer and antibody is suggested by the 

similarities between the raw SPR sensorgram curves in each sample. Additionally, max 

binding was quantified as RUmax (inset). These data indicate that an anti-PEG IgG can 

inhibit RB006 binding to FIXa.  
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Figure 23 : Aptamer target binding is inhibited in the presence of anti-PEG 
antibody 

From (Moreno et al., 2019). Surface plasmon resonance (SPR) was used to test the 

binding of RB006 to its target protein FIXa both alone and in the presence of anti-PEG 

IgG. Factor IXa was covalently attached to the chip surface and binding was measured 

in Response Units (RU) after injection of either RB006 alone (red and green, replicates) or 

RB006 in the presence of increasing molar ratios of monoclonal anti-PEG antibody (pink 

and blue respectively). Data represent a single experiment, though the effect was 

reproducible in two other replicate experiments. (Inset) A decrease in max binding (RU) 

was observed when aptamer and antibody were premixed and injected over the surface 

of the chip. The order of listed samples reflects the order of sample injections. The chip 

surface was uncompromised throughout the duration of the experiment as a similar Rmax 

was seen with the aptamer only samples injected at the beginning of the assay (red) and 

at the end of the assay (green). 
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4.3 Anticoagulant aptamer function is inhibited in the presence of 
anti-PEG antibodies in vitro 

To date, no studies have been performed to determine if anti-PEG antibodies 

impact aptamer activity. In order to determine if the antibody-mediated inhibition of 

FIXa binding results in loss of anticoagulant activity, we performed an in vitro clinical 

coagulation assay, the activated partial thromboplastin time (aPTT), which is routinely 

employed to monitor FIXa activity. A dose titration curve was generated to quantify 

RB006-mediated clotting time extension (Figure 24). Normal human plasma clots at 

approximately 30 seconds and RB006 dose-dependently increases aPTT with a clotting 

time of 125 seconds at high concentrations. As shown in Figure 25, a significant decrease 

in RB006-mediated clotting time extension was observed when anti-PEG antibodies 

were titrated into the aPTT reaction. This inhibitory effect appears to be more 

pronounced as the molar ratio of anti-PEG antibodies increases while no changes in 

clotting time were observed with the antibody alone. In order to definitively test that the 

PEG portion of RB006 is responsible for aPTT inhibition, we utilized RB005 as a control. 

We observed no significant changes in clotting time extension when the anti-PEG 

antibody is included in the reaction with RB005 indicating that the inhibition of 

anticoagulant aptamer function only occurs when PEG is appended to the anti-FIXa 

aptamer (Figure 26).  
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Figure 24 : Aptamer function is inhibited in the presence of anti-PEG 
antibodies in vitro - RB006 aPTT dose titration 

From (Moreno et al., 2019). Activated partial thromboplastin time (aPTT) 

measurement of the anticoagulant activity of RNA aptamer RB006 (blue) in pooled 

normal human plasma demonstrates aptamer mediated clotting time extension occurs in 

a dose dependent manner with a max clotting time of ~125 seconds, which is 

significantly above the normal clotting time of approximately 30 seconds. Data represent 

the mean ± SD of technical replicates (N=4 wells). 
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Figure 25 : Aptamer function is inhibited in the presence of anti-PEG 
antibodies in vitro - RB006 with anti-PEG IgG aPTT 

From (Moreno et al., 2019). aPTT measurements of human plasma clotting time in 

the presence of RB006 with or without anti-PEG IgG in the reaction. Decreases in 

aptamer mediated clot-time extension with increasing concentrations of monoclonal 

anti-PEG IgG (blue) provide evidence for antibody mediated inhibition of RB006 

function. Data represent the mean ± SD of technical replicates (N=6 wells) from triplicate 

experiments. *** denotes p-value < 0.001, using t-test against aptamer only (1:0) (black). 
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Figure 26 : Aptamer function is inhibited in the presence of anti-PEG 
antibodies in vitro - RB005 with anti-PEG IgG aPTT 

From (Moreno et al., 2019). aPTT measurements of human plasma clotting time in 

the presence of the unPEGylated control aptamer RB005 with or without anti-PEG IgG 

demonstrates no change in clotting time, suggesting that anti-PEG IgG only inhibits the 

function of PEGylated aptamer. Data represent the mean ± SD of technical duplicates.  
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4.4 Antithrombotic aptamer function is inhibited in the presence of 
anti-PEG antibodies in vivo  

Although the aPTT is a standard clinical coagulation assay routinely used to 

measure clotting of plasma in vitro, it does not necessarily predict the effects of the anti-

PEG antibody on the PEGylated aptamer in vivo. Therefore, we next evaluated whether 

the presence of the anti-PEG antibody impacts aptamer-mediated inhibition of clot 

formation in a well-established murine model of anticoagulation and thrombosis, the 

ferric chloride-induced damage model of the common carotid artery (Figure 27). As 

shown in Figure 28, administration of the RB006 aptamer at concentrations greater than 

or equal to 0.5 mg/kg were able to maintain the patency of the damaged vessels and 

limit occlusive thrombi. By contrast, mice that received no aptamer exhibited thrombosis 

and full occlusion of the common carotid artery in ~3 minutes. These data indicate that 

RB006 is capable of inhibiting FIXa-mediated clot formation in this carotid artery 

damage model.  

To test the potential impact of circulating anti-PEG antibodies on the aptamer’s 

anti-thrombotic activity in vivo, we utilized the same murine thrombosis model. Prior to 

intravenous administration of the aptamer, we infused the murine anti-PEG antibody, 

which was allowed to circulate for 15 minutes. A 1:1 molar ratio of aptamer to murine 

monoclonal anti-PEG antibody was chosen using the efficacious antithrombotic dose of 

RB006 (0.5 mg/kg). As shown in Figure 29, we observed that the presence of circulating 

anti-PEG antibodies in mice dramatically limits the antithrombotic activity of the FIXa 
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aptamer RB006. The significant difference in blood flow through the common carotid 

artery following trauma indicates that the presence of anti-PEG antibodies in these mice 

significantly limits aptamer-mediated inhibition of its target coagulation factor. For 

comparative purposes, we estimated that the amount of anti-PEG IgG that was 

administered in these experiments accounts for  ~4% of all IgG in the mouse. These data 

corroborate our in vitro aPTT results.  
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Figure 27 : Ferric chloride induced damage model of thrombosis schematic 

Adapted from (Moreno et al., 2019). A schematic representation of the murine 

model of thrombosis used to analyze the antithrombotic properties of aptamers and 

anti-PEG antibodies in real time. A ferric chloride (FeCl3) patch is used to induce 

endothelial damage to the carotid artery, and blood flow through the artery is measured 

via a distal flow probe. Percent blood flow at various time points post-intravenous (IV) 

administration of the aptamer was normalized to the blood flow prior to placement of 

the FeCl3 patch, with time zero indicating the time of patch removal or “Patch off” as 

indicated in timeline. 
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Figure 28 : Anticoagulant / antithrombotic aptamer activity is inhibited in the 
presence of anti-PEG antibodies in vivo - RB006 dose titration 

From (Moreno et al., 2019). Increasing concentrations of PEGylated RB006 

demonstrate the antithrombotic activity compared to buffer control (grey) in the murine 

model of thrombosis. Data represent the mean ± standard error of the mean (SEM) of 

technical replicates as described in the figure.  
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Figure 29 : Anticoagulant / antithrombotic aptamer activity is inhibited in the 
presence of anti-PEG antibodies in vivo - RB006 with anti-PEG IgG 

From (Moreno et al., 2019). Addition of anti-PEG IgG at a 1:1 molar ratio to the 

PEGylated RB006 (blue) diminishes vessel patency in the murine thrombosis model as 

shown by a decrease in % Flow compared to aptamer alone (grey). For both treatment 

groups, RB006 was used at a concentration of 0.5 mg/kg. Data represent the mean ± SEM 

of technical replicates as described. **indicates p-value <0.01, using 2-way ANOVA vs. 

aptamer alone (1:0). 
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4.5 After a single injection of PEGylated aptamer anti-PEG 
antibodies can be detected in rhesus monkeys 

Up to this point, I have explored the impact of anti-PEG antibodies on a 

PEGylated drug’s activity. In order to expand on the concepts underlying PEG 

immunogenicity we chose to explore the prevalence of anti-PEG antibodies in humans. 

Unfortunately, additional patient samples from the REGULATE-PCI clinical trials were 

not available; therefore, we sought alternative avenues to address if the prevalence of 

anti-PEG in other primate species mimic findings observed in humans. We explored 

these questions using the rhesus monkey model system.  ELISAs were used to determine 

if a group of 73 young rhesus monkeys had detectable levels of anti-PEG antibodies 

prior to aptamer administration. These animals were naïve to RB006, although it could 

not be definitively confirmed that every subject has never received drug treatments that 

may have included a PEG component due to the pervasiveness of PEG in common 

commercial products. However, we found only one of 73 with detectable levels of anti-

PEG IgGs in plasma (1.3%) during the initial screening (Figure 30) and verified by re-

screening (Figure 31).  

To further explore PEG antigenicity and immunogenicity in the nonhuman 

primate model, 18 young rhesus monkeys that did not contain detectable anti-PEG IgGs 

were administered RB006 either subcutaneously or intravenously as a component of a 

larger PK study. Anti-PEG IgG levels were measured before and after exposure to the 

PEGylated aptamer. The cohort of 18 young healthy rhesus monkeys were selected from 
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the initial screen of 73 animals. As noted above, given the ubiquity of PEG in a myriad of 

consumables it cannot definitively be ruled out that pre-exposure to PEG had not 

occurred in the rhesus monkey cohort. The 18 animals were split into two groups with 

one group (N=9) administered an intravenous injection of RB006 (low, middle, or high 

dose; 0.5, 1.0, or 1.5 mg/kg, N=3 per dose) and the other group (N=9) a subcutaneous 

injection (low, middle, or high dose) (Table 2). After a single administration of RB006 we 

were able to detect the presence of anti-PEG IgG antibodies in 4 of 18 rhesus monkeys 

(22%) (Figure 32). Animals were considered positive based on two criteria: 1) if 

statistical significance was observed between the pre- and post-absorbance values, and 

2) if the post-absorbance is greater than two standard deviations from the mean of all 

pre-absorbance values. One animal (Number 29), demonstrated substantially elevated 

levels of anti-PEG antibodies. Little to no correlation between the route of 

administration, time of sample collection, or dose was observed when compared to 

levels of anti-PEG IgG (Figure 33 and Figure 34). It was observed that over 20% of naïve 

animals generate anti-PEG IgGs following a single administration of the aptamer by 

either the intravenous or subcutaneous route. These data further support that rhesus 

monkeys provide an important primate model system in which to test PEG 

immunogenicity as it pertains to aptamer drug design and PEGylated drug 

development in general. 
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Figure 30 : Preliminary screening of rhesus plasma for anti-PEG IgG  

From (Moreno et al., 2019). Preliminary screening was performed on plasma 

samples from 73 young rhesus monkeys (~2-3 years of age, ~3-5 kg; males and females) 

for the presence of anti-PEG antibodies using indirect ELISA. Pre-coated PEG-BSA 96-

well plates were incubated with diluted = plasma followed by rhesus monkey IgG 

specific detection antibody and absorbance was measured. Data represent the mean ± 

SEM of N=4. 
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Figure 31 : Re-screening of rhesus plasma for anti-PEG IgG 

From (Moreno et al., 2019). Re-screening for validation of nonhuman primate 

plasma that was positive from pre-screening in Fig 13 using the identical indirect ELISA 

procedure was performed. Animal #34 (blue) was significantly higher in absorbance 

suggesting the presence of anti-PEG antibody. Preliminary screening was performed in 

different plates and on a different day, therefore re-screening any potential positive 

animals in one plate was accomplished for thorough analysis. Data represent the mean ± 

SEM of technical triplicates. ** denotes p-value <0.01 using t-test vs. control.  
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Table 2 : RB006 rhesus monkey dosing scheme and sample collection 

Animal 
Number 

RB006 Administration  
Route - Dose (mg/kg) 

Sample Collection  
Hours post injection (days) 

25 IV - low dose (0.5) 192  (8) 
27 IV - low dose (0.5) 192  (8) 
29 IV - low dose (0.5) 192  (8) 
30 IV - mid dose (1.0) 96    (4) 
55 IV - mid dose (1.0) 96    (4) 
38 IV - mid dose (1.0) 96    (4) 
36 IV - high dose (1.5) 216  (9) 
42 IV - high dose (1.5) 216  (9) 
43 IV - high dose (1.5) 216  (9) 
51 SQ - low dose (0.5) 216  (9) 
70 SQ - low dose (0.5) 216  (9) 
47 SQ - low dose (0.5) 216  (9) 
49 SQ - mid dose (1.0) 96    (4) 
61 SQ - mid dose (1.0) 96    (4) 
62 SQ - mid dose (1.0) 96    (4) 
66 SQ - high dose (1.5) 96    (4) 
68 SQ - high dose (1.5) 96    (4) 
69 SQ - high dose (1.5) 96    (4) 
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Figure 32 : Anti-PEG antibodies can be detected in rhesus plasma after a single 
administration of RB006 

From (Moreno et al., 2019). Indirect ELISA was used to measure the level of anti-

PEG IgG in plasma before and after RB006 administration, with PEG-BSA coated 96-well 

plates followed by the addition of plasma for recognition and IgG rhesus monkey 

specific antibody for detection. Six out of 18 rhesus monkeys tested had significant 

increases in anti-PEG IgG levels between the pre-aptamer injection samples (white) and 

post-aptamer injection samples (blue), with four of the animals reaching anti-PEG IgG 

levels greater than 2 SD from the mean of all pre-injection absorbance values (grey 

dashed line). The route of administration and dosing of the aptamer as well as the time 

of sample collection are described in Table 2. The animal numbers come from the 

original numerical designation in Figure 13. Data represent the mean ± SEM of technical 

triplicates. ** indicates p-value <0.01, ***indicates p-value <0.001, using a t-test. 
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Figure 33 : Comparing post-aptamer rhesus plasma anti-PEG IgG levels for 
possible correlates - Dose and route of administration 

From (Moreno et al., 2019). Post-aptamer administration rhesus monkey plasma 

IgG absorbances (blue) were determined by ELISA compared by dose and route of 

delivery. While there appeared to be a higher average anti-PEG IgG level in the 

intravenous-administered group the variation was not statistically significant. There was 

no apparent trend when comparing aptamer dose. Each bar represents mean of technical 

replicates, N=9 wells from three rhesus monkeys combined.  Error bars represent 

standard deviation (SD) of the mean. 
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Figure 34 : Comparing post-aptamer rhesus plasma anti-PEG IgG levels for 
possible correlates - Absorbance and time of collection 

From (Moreno et al., 2019). Post-aptamer administered rhesus plasma IgG 

absorbances (blue) were plotted against time of sample collection. Using a two-

parameter analysis no statistically relevant correlation was observed suggesting that the 

time of collection had no influence on IgG levels. Each dot represents the mean of 

technical triplicates of one rhesus monkey.    
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5. Towards a Mechanistic Understanding of PAMAM 
Mediated Anti-inflammatory Properties  

As introduced in Chapter 3, our laboratory has previously published a novel use 

of nucleic acid binding polymers (NABPs), specifically polyamidoamines (PAMAMs) 

(Holl et al., 2016; Lee et al., 2011; Naqvi et al., 2018). This polymer was originally used as 

a gene delivery agent; however, we have demonstrated that it can be repurposed as an 

anti-inflammatory agent by scavenging nucleic acid containing damage associated 

molecular patterns (DAMPs) resulting in the amelioration of several diseases. This 

section also pertains to International Patent Application: No. PCT/US2016/060652.  

It was first demonstrated by Jaewoo Lee and colleagues in 2011 that nucleic acid 

binding polymer PAMAM-G3 can reduce the activation of nucleic acid sensing pattern 

recognition receptors (PRRs) by binding extracellular nucleic acids (Lee et al., 2011). 

Extracellular RNAs and DNAs released from dead and dying cells are engulfed by 

innate immune cells and activate the inflammatory process (Pisetsky et al., 2012). 

Inappropriate activation can lead to deleterious effects and has been associated with 

lupus also known as systemic lupus erythematosus (SLE), and oncogenesis. Activation 

of PRRs, specifically toll-like receptors (TLRs), has been known to initiate and progress 

autoimmune disorders such as SLE. Our lab has demonstrated that PAMAM-G3 

treatment reduces SLE pathology as evidenced by restoration of normal wound healing 
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and reduction in lupus nephritis in lupus-prone mice (Holl et al., 2016) while 

maintaining normal adaptive immunity (Holl et al., 2013).   

More recently, we published our findings that PAMAM-G3  treatment mediates 

inhibition of pancreatic cancer (PC) metastasis (Naqvi et al., 2018). We demonstrated that 

PAMAM-G3 dramatically reduces liver metastases in a syngeneic murine model of PC.  

Taken together, these data along with other findings in the aforementioned 

studies by Lee, Holl and colleagues, suggest the therapeutic potential of the cationic 

polymer PAMAM-G3. However, to facilitate the translation of this novel application to 

the clinic, it would be valuable to understand its (MOA). There have been previous 

studies that track PAMAM-G3 in cell culture and animal models, though the 

conjugation strategies appended fluorophores and other tracking agents to the terminal 

amines. This could possibly negate some of the cationic properties of the molecule, likely 

altering the distribution (Yoo and Juliano, 2000). Thus, we sought to make PAMAM 

conjugates that maintain the cationic nature of the polymer to aid in the understanding 

of the PAMAM-G3 anti-inflammatory MOA. Moreover, such PAMAM conjugates will 

allow us to test our central hypothesis that cationic dendrimers scavenge pro-

inflammatory molecules that result in disease amelioration or at minimum reduction in 

aberrant inflammation. It is possible that PAMAM-G3 and other PAMAM molecules 

may prove to be toxic at the required therapeutic doses; however, we will have 

confidence in the NABP approach in general and can potentially design improved 
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cationic dendrimers based on the studies utilizing the PAMAM derivatives described 

herein.  



 

90 

5.1 Synthesis of PAMAM derivates PAMSMB and PAMSM-AF488 

Biotinylation is a powerful technique in molecular biology for the tracking and 

isolation of a myriad of different molecules contingent upon the profound binding 

affinity of biotin and streptavidin / avidin. Additionally, numerous fluorophores are 

available as streptavidin-fluorophore conjugates for use with microscopy, flow 

cytometry, in vivo imaging and other techniques. Therefore, we sought to design NABPs 

that contained both biotin and fluorophores while maintaining the full complement of 

cationic properties.  

As outlined in Figure 35, the synthesis schematic begins with a larger version of 

PAMAM that contains 64 terminal amines with a disulfide core, named PAMAM-G4 -S-

S. The full synthesis schematic is outlined in the experimental procedures section 

(Chapter 7). Briefly, PAMAM-G4 -S-S is reduced to PAMAM-G3-SH (thiol), which is 

nearly identical to the parent molecule PAMAM-G3 used in other studies, which 

contains 32 terminal amines.  PAMAM-G3-SH can then be reacted with commercially 

available maleimides that are derivatized with biotin or the fluorophore Alexa-Fluor 

488, resulting in polyamido amine sulfur maleimide biotin (PAMSMB) and polyamido 

amine sulfur maleimide AlexaFluor 488 (PAMSM-AF488).  

Synthesis quality control for PAMSMB was assessed by nuclear magnetic 

resonance (NMR) and quantification of biotin via 4’-hydroxyazobenzene-2-carboxylic 

acid (HABA) assay. As seen in Figure 36, the PAMSMB NMR spectrum is different from 
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the starting reactant PAM-SH. The signal intensity peaks at 6 ppm are biotin peaks and 

the peaks at 1-4 ppm are attributed to the PEG linker included in the maleimide biotin 

linker (maleimide-PEG2-biotin). Using the HABA assay, we were also able to 

qualitatively determine the presence of biotin in the final product. Signals above zero 

(A500nm) suggest the presence of biotin (Figure 37). In addition, we observed increases in 

absorbance correlating with increasing amounts of PAMSMB that were added to the 

reaction, further validating the presence of biotin and indicating a successful synthesis.  

In order to ensure proper synthesis of the fluorophore-labeled polymer, 

PAMSM-AF488, the maximum excitation and emission between the unreacted molecule 

and the final product were quantified via spectrophotometry (Figure 38). A shift in 

excitation and emission suggest chemical conjugation has occurred.   
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Figure 35 :  PAMSMB and PAMSM-488 synthesis schematic 

Schematic outlining the synthesis protocol for the generation of PAMAM 

derivates PAMSMB and PAMSM-AF488 via thiol maleimide conjugation. (Moreno et al., 

in preparation).  
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Figure 36 : NMR of unreacted starting material PAM-SH and final product 
PAMSMB 

(Moreno et al., in preparation).  
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Figure 37 : Quantification of biotin by HABA assay 

The success of biotinylation was assayed using a avidin/hydroxyazobenzene-2-

carboxylic acid (HABA) reagent according to the manufacturer’s instructions (Thermo 

Scientific). The presence of biotin is indicated by a positive value as measured by a 

reduction in Absorbance at 500nm. Data represents the mean of technical duplicates 

(Moreno et al., in preparation). 
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Figure 38 : Spectrophotometric heat map of unreacted maleimide-fluorophore 
starting material and final product PAMSM-AF488 

Shifts in optimal excitation an emission demonstrated by heatmap and computed 

excitation change from 480 nm to 500 nm and emission from 530 nm to 540 nm suggest 

efficient coupling. The unreacted starting material, maleimide-AlexaFluor 488, has its 

own excitation and emission that shifts after efficient conjugation, as seen in PAMSM-

AF488. (Moreno et al., in preparation). 
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5.2 PAMSMB retains similar binding and in vitro inhibitory 
activity as parent molecule PAMAM-G3 

In order to verify that the newly synthesized molecule PAMSMB retains the 

same properties as the parent molecule PAMAM-G3, several experiments were 

performed with both molecules. Cationic properties were validated through several 

methods including DNA binding in electrophoretic mobility shift assays (EMSAs), RNA 

aptamer reversal in an activated partial thromboplastin time (aPTT), and nucleic acid 

DAMP binding and inhibition in TLR reporter cell activation assays. In addition, to 

verify that the PAMSMB derivative has a similar cytotoxicity as PAMAM-G3, a dose 

escalation study was performed and cell death was measured via Cell-Titer Glo 

(Promega). 

One of the most fundamental functions of PAMAM-G3 is to bind DNA through 

the electrostatic attraction between the positively charged amines on the outer shell of 

the molecule with the negatively charged phosphate backbone of nucleic acids. In fact, 

PAMAM dendrimers were originally developed for and currently used as a gene 

delivery agents. Our lab repurposed these molecules for anti-inflammatory purposes, 

utilizing the cationic polymer to instead bind unwanted RNA and DNA. Therefore, if 

PAMSMB were to be used in deciphering the mechanisms of PAMAM-mediated anti-

inflammatory activity, it must retain the ability to bind DNA or RNA. Figure 39 

demonstrates the ability of PAMSMB to bind DNA via EMSA. While DNA alone 

migrates through the gel, there is a large shift in mobility for all samples containing both 
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PAMAM-G3 or PAMSMB and DNA. This effect is consistent among all ratios of amine 

polymer (N) to phosphate containing DNA (P) tested (N : P ratios). Even at an N : P ratio 

of  0.25 : 1 we observe the PAMSMB binding of DNA and inhibiting the ability of the 

DNA to move towards the cathode portion of the gel.  

Another function of PAMAM-G3 is to act as a universal reversal agent for RNA 

aptamers (Oney et al., 2009). Much like the ability of cationic dendrimers to bind DNA, 

they are also capable of binding RNA. As discussed in previous chapters, one of the 

main attributes of RNA aptamer therapeutics is the ability to harness Watson-Crick base 

pairing to reverse their activity with antisense oligos. However, this requires the 

generation of specific antisense antidotes for every unique aptamer sequence. Thus, due 

to the highly cationic nature of PAMAM-G3 and the highly anionic nature of RNA 

aptamers, we sought to use PAMAM-G3 as a universal reversal agent for aptamers 

(Oney et al., 2009). In order to test this approach aPTTs were performed. As seen in 

Figure 40, aptamer 9.3t is able to extent clotting time of human plasma compared to the 

mock control from ~28 seconds to ~75 seconds. However, samples that contain the 

cationic dendrimers reverse this aptamer-mediated clotting time extension. PAMSMB 

reduces aptamer-clotting time levels back to baseline levels ~32 seconds, nearly 

equivalent to reduction seen in PAMAM-G3 + aptamer samples. Thus, PAMSMB retains 

similar RNA binding properties as PAMAM-G3 as demonstrated by RNA aptamer 

inhibition via aPTT.  
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Prior to extensive cell culture studies with PAMAM-G3, cytotoxicity analyses 

were performed using murine macrophage cell lines (RAW 264.7). The cytotoxicity 

profile of PAMAM-G3 was compared to the newly synthesized derivative PAMSMB 

and measured using the Cell-Titer Glo luminescent assay. Percent viability was 

determined using untreated cells as a control. Varying concentrations of the polymer - 

500, 250, 125, 50 µg/mL - were added to cells that were seeded on a 96-well plate and 

incubated for 24, 48, or 72 hours. As seen in Figure 41, the overall cytotoxic profile of 

PAMSMB mirrors that of PAMAM-G3, with the lowest viability seen at the highest 500 

µg/mL concentration of the polymers, as expected. Thus, addition of a biotin to 

PAMAM-G3 has little to no effect on polymer cytotoxicity.  

PAMSMB also has similar scavenging profiles as PAMAM-G3 as measured by 

TLR activation via in vitro reporter cell assays. Early anti-inflammatory profiles of 

PAMAM-G3 were determined using TLR reporter cells, which are human embryonic 

kidney cells (HEK-293) that exhibit a 20-fold overexpression of a specific TLR. Upon TLR 

activation, the master regulator of the pro-inflammatory system NF-kB gets translocated 

to the nucleus and induces the transcription of several pro-inflammatory molecules. In 

this reporter system, secreted alkaline phosphatase (SEAP) is under the control of a NF-

kB reporter promoter, which allows for a colorimetric analysis of TLR activation. A 

higher absorbance value is correlated to higher TLR activation in these assays. In order 

to generate pro-TLR DAMPs PC, MiaPaCa-2 PC cells, were irradiated and the cell 
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supernatants collected. The DAMP containing media was added to human TLR 9 

(hTLR9) reporter cells with or without the cationic polymer. As seen in Figure 42, robust 

TLR activation is observed when there is no polymer present, as expected. Samples that 

contain polymer show reduced activation of hTLR9 in a dose dependent manner. More 

importantly, the hTLR9 inhibition by PAMSMB is nearly identical to that of PAMAM-G3 

suggesting the newly synthesized polymer retains similar DAMP scavenging ability.  

In conclusion, the synthesis of novel PAMAM derivate PAMSMB was successful 

in that it retains similar binding properties as the parent molecule. In the next chapters 

we will discuss the utility of PAMSMB in several contexts.   
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Figure 39 : Comparing DNA binding properties of PAMSMB and PAMAM-G3 
via EMSA 

In order to verify PAMSMB is capable of binding DNA and inhibiting DNA 

mobility the molecule was compared to PAMAM-G3 in 1% agarose gel subjected to 

electrophoresis. The ratios in the figure represent (N : P) ratios which signify the amine 

or polymer ratios (N) to phosphate, or DNA (P). (Moreno et al., in preparation). 
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Figure 40 : Comparing PAMSMB and PAMAM-G3 ability to reverse aptamer 
function via aPTT 

Early studies with PAMAM testing the ability of the cationic polymer to reverse 

aptamer function in an aPTT. We see inhibition of aptamer-mediated clotting time 

extension in samples that contain PAMSMB and PAMAM-G3. These data represent 

technical duplicates and error bars represent SD of the mean. (Moreno et al., in 

preparation). 
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Figure 41 : Cellular cytotoxicity of PAMSMB and PAMAM-G3 

PAMSMB cytotoxicity on murine macrophage (RAW 264.7) cells was comparable 

to the parent polymer PAMAM-G3 as determined by cell death measured via CellTiter-

Glo Luminescent assay. Data represents the mean technical replicates N=10 (Moreno et 

al., in preparation). 
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Figure 42 : PAMSMB and PAMAM-G3 DAMP scavenging profiles 

PAMSMB DAMP scavenging was measured via TLR reporter assays as 

measured by absorbance values of SEAP-containing media as described in Figure 43. 

Absorbance is indicative of NF-kB activation. Pancreatic cancer cells were irradiated to 

generate DAMPs as described in Figure 47. Data represents the mean ± SD of technical 

triplicates (Moreno et al., in preparation). 
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5.3 PAMSMB exhibits anti-inflammatory properties by binding ex 
vitro and ex vivo DAMP sources 

It was determined by Lee and other members in our laboratory that the cationic 

property of PAMAM-G3 could possibly be utilized in scenarios other than gene delivery 

(Lee et al., 2011). In a biological context, DNA and RNA that is released from dead and 

dying cells can deleteriously activate neighboring cells and initiate aberrant 

inflammation, which can enhance diseases progression or establish a hyper-inflamed 

disease state. We hypothesized that the PAMAM polymer could be used to scavenge 

these negatively charged DNA and RNA complexes. Preliminary results showed that 

PAMAM-G3 is capable of binding and neutralizing nucleic acid based pro-TLR9 

DAMPs, and I sought to test whether the novel PAMAM-derivative PAMSMB is also 

capable of similar anti-inflammatory properties.  

To begin testing whether PAMSMB is capable of binding DAMPs, I first tested if 

the molecule is capable of binding known TLR activators using the same hTLR reporter 

cell system as outlined in Figure 43. Briefly, hTLR reporter cells were seeded in a 96-well 

plate overnight followed by the addition of fresh media containing the known TLR 

activators that have also been scavenged by PAMSMB. DAMPs were scavenged with 

PAMSMB by first binding PAMSMB to streptavidin coated magnetic beads. The 

PAMSMB-magnetic beads were then incubated with the known TLR activators and cell 

culture media before using a magnet to pull down the PAMSMB-magnetic beads as well 

as any bound DAMP complexes. The resultant DAMP depleted media (the supernatant 
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not bound to the magnet) was then removed and added to the hTLR reporter cells. The 

experiment was designed to compare the ability of the PAMSMB-magnetic beads to 

bind DAMPs versus streptavidin coated magnetic beads alone.   

While the known TLR ligand poly I:C activated the RNA sensing hTLR3 as 

expected, PAMSMB-bead scavenging reduced hTLR3 activation to near basal levels 

(Figure 44). As expected, PAMSMB-bead scavenging also reduced activation of the DNA 

sensing TLR, hTLR 9 (Figure 45). Although PAMSMB does not appear to reduce hTLR9 

activation as effectively as it reduces hTLR3 activation, the short CpG (42-mer) positive 

control for hTLR9 may be interfering with PAMSMB binding in a multivalent or 

possibly steric manner. Interestingly, we also observe a PAMSMB-based reduction in the 

protein sensing TLR, hTLR4 (Figure 46). We will address the biological context of this 

observation in the next chapters; however, it is surprising that we see scavenging of a 

proteinaceous TLR ligand, lipopolysaccharide (LPS). This can be possibly explained by 

the modest negative charge of the molecule. Nevertheless, these data demonstrate the 

PAMSMB mediated scavenging of pro-TLR ligands.  

To fully test the biological applicability of PAMSMB we tested its ability to bind 

DAMPs from biological samples. Cancer cells were irradiated to mirror canonical 

treatment regimens and generate DAMPs. It has been established by Naqvi and 

Gunaratne and other members of our laboratory that cancer patients have higher levels 

of cell free DNA (cfDNA) when compared to normal subjects (see Intro Figure 12) 
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(Naqvi et al., 2018). It is also well known that upon treatment with irradiation, the levels 

of cell free nucleic acids increase likely due to cell death. Therefore, we sought to use X-

ray irradiation to generate DAMPs from PC cell lines. PC is one of the most lethal 

malignancies and the establishment of new metastatic sites has been associated with 

elevated levels of cfDNA (Thierry et al., 2014; Wang et al., 2016). Irradiated PC DAMP 

containing media, which we termed condition media (CM), was generated via methods 

outlined in the flow chart in Figure 47. Using the hTLRs previously described, we see 

significant decreases in activation with samples subjected to PAMSMB mediated 

scavenging. Specifically, CM DAMP binding is observed in hTLR 4 (Figure 48) and 

hTLR 9 (Figure 49) assays. These data were promising as they were the first results 

which tie PAMSMB and DAMPs from ex vitro patient samples. However, to demonstrate 

even more profound anti-inflammatory properties ex vivo patient samples were tested.  

PC patient serum was used as an ex vivo DAMP source in the subsequent 

experiments. The DAMP source comes from one patient post chemotherapy and 

irradiation. As demonstrated in Figure 50, higher hTLR 4 activation is observed for PC 

patient serum compared to normal serum, and there is a statistically significant 

reduction between the un-scavenged samples. The same trend is seen with hTLR 9 

activation in Figure 51. Though the effect is not as pronounced when compared to the ex 

vitro CM samples, human serum has a more complex milieu, which may reduce the 

electrostatic interaction between PAMSMB and DAMPs as there are more components. 



 

107 

In addition, the reduced inhibition could be explained by the nature of  patient samples. 

It is possible that non-anionic DAMPs exist at higher levels in patient samples and this 

would reduce PAMAM binding.  

Our hypothesis that PAMSMB is capable of binding DAMPs from several 

sources is supported by the aforementioned results; however, to validate this further we 

used intra-operative patient samples. In these experiments, plasma isolated from a PC 

patient undergoing surgery was used as a DAMP source. We saw statistically significant 

reduction in TLR activation in samples subjected to PAMSMB mediated scavenging of 

hTLR4 (Figure 52) and hTLR9 (Figure 53). Taken together, we have demonstrated the 

anti-inflammatory properties of PAMSMB by DAMP scavenging of ex vitro and ex vivo 

patient PC sources via reduction in TLR activation.  
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Figure 43 : TLR-reporter cell schematic 

HEK-293 hTLR reporter cell system (Invivogen) for the quantification of TLR 

activation via SEAP-reporter / NF-kB activity (see manufacturer information for 

additional description). PAMSMB is conjugated to streptavidin (SA) coated magnetic 

beads and added to samples that contain DAMPs.  
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Figure 44 : PAMSMB mediated scavenging of RNA sensing hTLR3 

Poly I:C (pIC) is a positive control for hTLR 3 activation and a reduced signal is 

observed in samples containing PAMSMB. In other terms, the PAMSMB-bead complex 

binds pIC, results in a depletion of pIC and reduced hTLR3 activation. As a control for 

the technique, we see no scavenging of SA coated magnetic beads. Data represents the 

mean ± SD of technical replicates N=6. (Moreno et al., in preparation). 
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Figure 45 : PAMSMB mediated scavenging of CpG sensing hTLR 9 

Cytosine poly guanine (CpG) is a positive control for hTLR 9 activation and a 

reduced signal is observed in samples containing PAMSMB. In other terms, the 

PAMSMB-bead complex binds CpG, results in a depletion of CpG and reduced hTLR9 

activation. As a control for the technique, we see no scavenging of SA coated magnetic 

beads. Data represents the mean ± SD of technical replicates N=6. (Moreno et al., in 

preparation). 
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Figure 46 : PAMSMB mediated scavenging of LPS sensing hTLR 4 

Lipopolysaccharide (LPS) is a positive control for hTLR 4 activation and a 

reduced signal is observed in samples containing PAMSMB. As a control for the 

technique, we see no scavenging of SA coated magnetic beads. Data represents the mean 

± SD of technical replicates N=6. (Moreno et al., in preparation). 
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Figure 47 : Schematic for CM preparation and collection 
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Figure 48 : PAMSMB mediated scavenging of pro-hTLR4 DAMPs from PC cell 
CM 

PC cells were subjected to the irradiation procedure in Figure 30 and PAMSMB 

mediated scavenging as in Figure 26. Irradiation was measured in Grays (Gy) with 0 Gy 

as a control, 8 Gy as a middle dose, and 10 Gy as the higher dose. A reduced signal is 

observed in samples with PAMSMB as read by hTLR 4 activation. Data represents the 

mean ± SD of technical replicates N=6. (Moreno et al., in preparation). 
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Figure 49 : PAMSMB mediated scavenging of pro-hTLR 9 DAMPs from PC 
cell CM 

PC cells were subjected to the irradiation procedure in Figure 30 and PAMSMB 

mediated scavenging as in Figure 26. Irradiation was measured in Grays (Gy) with 0 Gy 

as a control, 8 Gy as a middle dose, and 10 Gy as the higher dose. A reduced signal is 

observed in samples with PAMSMB as read by hTLR 9 activation. Data represents the 

mean ± SD of technical replicates N=6. (Moreno et al., in preparation). 
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Figure 50 : PAMSMB mediated scavenging of pro-hTLR 4 DAMPs from PC 
patient serum post chemoradiation 

Serum from a PC patient post chemotherapy treatment were used as a sample 

source followed by PAMSMB mediated scavenging as in Figure 26. Compared to normal 

patient samples, we see elevated activation in the PC patient sample. Red bars indicate 

pre-radiation samples and purple bars represent post radiation samples. A reduced 

signal is observed in samples with PAMSMB as read by hTLR 4 activation. Data 

represents the mean ± SD of technical replicates N=6. (Moreno et al., in preparation). 
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Figure 51 : PAMSMB mediated scavenging of pro-hTLR 9 DAMPs from PC 
patient serum post chemoradiation 

Intra-operative plasma obtained from a PC patient post chemotherapy treatment 

were used as a sample source followed by PAMSMB mediated scavenging as in Figure 

26. Compared to normal patient samples, we see elevated activation in the PC patient 

sample. Red bars indicate pre-radiation samples and purple bars represent post 

radiation samples. A reduced signal is observed in samples with PAMSMB as read by 

hTLR 9 activation. Data represents the mean ± SD of technical replicates N=6. (Moreno et 

al., in preparation). 
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Figure 52 : PAMSMB mediated scavenging of pro-hTLR 4 DAMPs from intra-
operative PC patient plasma 

These data are preliminary. Intra-operative plasma obtained from a PC patient 

intra-operative plasma was used as a sample source followed by PAMSMB mediated 

scavenging as in Figure 26. Compared to normal patient samples, we see elevated 

activation in the PC patient sample. Red bars indicate pre-radiation samples and purple 

bars represent post radiation samples. A reduced signal is observed in samples with 

PAMSMB as read by hTLR 4 activation. Data represents the mean ± SD of technical 

replicates N=6. (Moreno et al., in preparation). 
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Figure 53 : PAMSMB mediated scavenging of pro-hTLR 9 DAMPs from intra-
operative PC patient plasma 

These data are preliminary. Intra-operative plasma obtained from a PC patient 

intra-operative plasma was used as a sample source followed by PAMSMB mediated 

scavenging as in Figure 26. Compared to normal patient samples, we see elevated 

activation in the PC patient sample. Red bars indicate pre-radiation samples and purple 

bars represent post radiation samples. A reduced signal is observed in samples with 

PAMSMB as read by hTLR 9 activation. Data represents the mean ± SD of technical 

replicates N=6.  (Moreno et al., in preparation). 
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5.4 Utility of PAMSMB for the identification of polymer-bound 
proteins from ex vitro and ex vivo samples  

The conjugation of biotin to PAMAM allows for a multiplicity of applications by 

harnessing the profound affinity of biotin to streptavidin / avidin. In previous sections 

we demonstrated successfully generation of a PAMAM derivate conjugated to biotin, 

which retains the cationic properties of the parent molecule. In addition, we observe 

potent anti-inflammatory properties with these cationic polymers suggesting the 

potential for therapeutic applications. To begin to determine the possible MOA behind 

polymer-mediated anti-inflammatory properties, I utilized PAMSMB to identify 

proteins that were scavenged by the polymer, using an approach similar to 

immunoprecipitation (Figure 54). Briefly, SA coated magnetic beads were bound to 

PAMSMB followed by the addition of the complex in DAMP containing media from PC 

cancer cell CM or PC patient serum mirroring the TLR inhibition studies in the previous 

section.  

In order to identify the bound protein moieties, we first had to establish a 

method to displace polymer bound complexes. We initially attempted the use of 

powerful salt solutions to interfere with the electrostatic properties between the cationic 

polymer and anionic milieu. Though even at 5 M powerful salts we were unable to show 

full dissociation of DNA in an EMSA. However, using a highly negatively molecule 

heparin sulfate (HS) we found successful displacement of polymer bound DNA in an 

agarose gel via EMSA (Figure 55). These data provide a method to displace DNA from 
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PAMSMB allowing for possible identification of complexes bound by the PAMAM 

derivative.  

After establishing an effective method to displace polymer bound DNA, we 

sought to test this in a more biologically relevant setting.  We demonstrate pIC 

displacement from the bead-polymer scavenging complex by observing reduction in 

hTLR 3 activation with PASMB. Followed by subsequent TLR activation of samples that 

contained HS-displaced pIC from the bead-polymer complex (Figure 56). In control 

studies, we demonstrate that the presence of HS does not interfere with the TLR-cell 

reporter assay activation.  These studies were promising in that we add biological cell 

culture evidence for proper DAMP dissociation using PAMSMB and HS in TLR reporter 

cells. 

We also began to optimize alternative procedures to identify polymer bound 

complexes in the event that HS would interfere with downstream analysis. To that end, 

we used a TRIzol reagent isolation procedure on the PAMSMB beads and the bound 

complexes. The displaced samples were subjected to SDS-PAGE and stained with Silver 

Stain. As seen in Figure 57, lanes 1 and 3 are from a single PC patient prior to irradiation 

as in Figure 50, and lanes 2 and 4 come from that patient post irradiation.  A similar 

profile is seen between the pre-irradiated samples and the same is true in the post-

irradiated samples regardless of dilution. Although crude, this SDS-PAGE suggests 

successful dissociation of proteins that were scavenged by PAMSMB. Though 
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preliminary, these data highlight promising approaches to help understand the binding 

properties of PAMAM through the use of PAMSMB.  

Since we had data suggesting that the protocols we established were capable of 

displacing the DNA and proteins from PAMSMB complexes, we sought to identify what 

is scavenged by PAMSMB from DAMP containing samples. First, we utilized HS 

displacement in a preliminary proteomics procedure, in collaboration with the Duke 

Center for Genomic and Computational Biology – Proteomics and Metabolomics Core. 

Figure 58, summarizes the data from the mass spectrophometric (LC/MS) analysis of 

PAMSMB bound proteins from PC CM. Unfortunately, several proteins were unable to 

be analyzed due to instrumental errors associated with the high levels of HS in the 

samples. In lieu of a full set of analysis we will summarizes the type of protein found, 

since the protein identification could possibly be inaccurate. Through LC/MS we 

revealed 116 proteins unique to radiation samples 8 Gy and 10 Gy as highlighted in 

green. The identified proteins include canonical DAMPs: heat shock proteins (HSP90), 

histones (H1 and H2), complement factors (C4 and C5), PC biomarkers hepatocyte 

growth factor (HGF) and cathepsin. As expected, we also see nucleic acid binding 

proteins: 40/60s ribosome, topoisomerase 1 (TOPO1) and EGF1. Even though we were 

unable to definitely determine true protein identity due to instrument errors, these 

results still advance our ability to further decipher PAMAM MOA. This was the first 
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evidence that suggests PAMSMB can be used as a reagent for the identification of NABP 

bound proteins.  

Of the studies evaluating the anti-inflammatory properties of PAMAM-G3 and 

PAMSMB, the DAMP scavenging from PC patient samples is the one of most promising.  

In part, because the results add evidence to validate our central hypothesis behind 

NABP, as the levels of cfDNA and other such DAMPs are associated with aberrant 

pathologies. These observations, along with others from our laboratory suggest proteins 

are also highly associated with disease enhancement and PAMAM-G3 has been 

associated with ameliorating these pathologies. Therefore, we sought to use PAMSMB to 

identify the proteins that are scavenged from PC patient plasma using the established 

pipeline outlined in the previous study.  

Using the protein isolation and proteomic analysis pipeline outlined and 

illustrated in Figures 43 and 54, we are able to successfully identify proteins that are 

scavenged by PAMSMB. This identification approach will aid in the deciphering of 

PAMAM-G3 anti-inflammatory MOA. Via LC/MS, we identify specific binding profiles 

between control normal patient plasma and PC patient plasma samples. A protein was 

considered significant through the following criteria:  1) protein sequence confidence 

was > 95% confidence, and 2) a greater than 2-fold change as calculated by dividing the 

number of positive protein reads from PAMSMB samples by reads in bead only controls. 

Figures 59 and 60 demonstrate the identification of proteins greater than 2-fold (red) by 



 

123 

two-component analysis (number of proteins vs. fold change) from control normal 

patient plasma and PC patient plasma, respectively. In Figure 61, we illustrate the 

number of proteins that are bound exclusively by PAMSMB in both sample sources. We 

identify 32 proteins in the control plasma and 16 proteins from the cancer patient plasma 

that are exclusive to each sample. Considering the 12 proteins that are found in both 

samples and various proteins that are unique to each sample (Tables 3-5) there is 

evidence that we can successfully and consistently identify polymer bound proteins. 

PAMSMB is an essential reagent in this method, which highlights the importance of the 

PAMAM-derivative.  

In future studies, we will attempt to identify more proteins and repeat these 

experiments. However, the preliminary results shown here highlight that PAMSMB can 

be used in such studies and is a critical reagent for further deciphering the MOA of 

PAMAM. Current studies in our laboratory are examining the proteins that are bound 

by PAMSMB from several disease models where PAMAM administration demonstrated 

reduced disease pathology. We hope to see results from these studies in the future. 
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Figure 54 : Schematic for displacement of polymer bound complexes 

Utilizing the identical setup as in Figure 26 the complex which is comprised of 

streptavidin SA coated magnetic beads conjugated to PAMSMB and the polymer bound 

DAMP milieu from various sample sources as outlined in the figure. The pipeline for 

identification and method validation is described in the lower portion of the figure.  
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Figure 55 : Displacement of PAMSMB bound DNA by heparin sulfate (HS) as 
measured by EMSA 

In order to verify that negatively charged heparin sulfate (HS), more specifically 

low molecular weight heparin sulfate, is capable of displacing polymer bound DNA for 

analysis EMSA in 1% agarose was employed. We observe dissociation of the DNA 

starting at 0.11 Units of HS and full dissociation at 0.22 Units of HS, when compared to 

DNA only (+) control. This EMSA was repeated in triplicate and the above gel is a 

representative image of the results of all experiments. (Moreno et al., in preparation). 
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Figure 56 : Displacement of PASMB bound pIC as demonstrated by TLR 
activation post exposure to HS 

In order to test if HS is capable of displacing pIC from PAMSMB we used the 

TLR-reporter system. Activation is seen with control pIC alone (orange bar) and reduced 

after PAMSMB scavenging (+ Polymer sample). The PAMSMB-bead complex was 

subjected to HS displacement and the resultant sample was added to TLR reporter cells 

resulting in a significant signal (green bar). Data represents the mean ± SD of technical 

triplicates.  (Moreno et al., in preparation). 
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Figure 57 : Silver Stain SDS-PAGE to demonstrate promising proteins 
dissociation from PAMSMB-magnetic bead complex 

The banding profile similarity between the diluted and undiluted sample 

suggests efficient dissociation of proteins. In addition, there are several bands in the gel 

that are abundant, as expected. Lane 1 -  PC Patient before radiation therapy, Lane 2 – 

PC Patient post radiation therapy, Lane 3 - PC Patient before radiation therapy (diluted 

1:10), Lane 4 - PC Patient post radiation therapy (diluted 1:10).  
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Figure 58 : Identification of PAMSMB bound proteins from PC conditioned 
media 

Illustration of proteins that were identified from PC cells that were subjected to 8 

or 10 Gy of X-ray irradiation or control 0 Gy. 116 proteins (green) were found 

exclusively in the irradiated CM and 72 proteins found in all samples (yellow). 53 

proteins were found in found 8 Gy and 10 Gy treated cells (dark green). (Moreno et al., in 

preparation). 
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Figure 59 : Two-component analysis of proteins identified by LC/MS from 
normal patient samples 

A numerical measure of positivity was established by dividing the number of 

positive protein reads by the fold change of each protein above 95% confidence based on 

sequence similarity. All proteins >2 (red) were considered positive as they were enriched 

in the PAMSMB samples 2 fold higher than non-specific control agent (beads only) from 

normal patient plasma. (Moreno et al., in preparation). 
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Figure 60 : Two-component analysis of proteins identified by LC/MS from PC 
patient samples 

A numerical measure of positivity was established by dividing the number of 

positive protein reads by the fold change of each protein above 95% confidence based on 

sequence similarity. All proteins >2 (red) were considered positive as they were enriched 

in the PAMSMB samples 2 fold higher than non-specific control agent (beads only) from 

PC patient plasma. (Moreno et al., in preparation). 
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Figure 61 : Identification of PAMSMB bound proteins from PC patient plasma 

Illustration of proteins that were identified from a PC patient who has 

undergone treatment. 16 proteins (green) were found exclusively in the PC sample and 

12 proteins found in all samples (yellow). 53 proteins were found exclusively in the 

normal patient samples (grey). (Moreno et al., in preparation). 
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Table 3 : PAMSMB bound proteins found in PC and normal patient samples 

 Proteins Found in Both Sample Sources  
1 14-3-protein zeta/ delta  
2 Actin 
3 Coag Factor IX 
4 Peroxiredoxin-2  
5 Protein Z-dependent protease inhibitor 
6 Prothrombin 
7 Sex hormone-binding globulin  
8 Thrombospondin-1 
9 Tubulin altha-1B chain 
10 Tubulin beta-1 chain 
11 Vitamin K-dependent protein C 
12 Vitamin K-dependent protein S 

 

  



 

133 

Table 4 : PAMSMB bound proteins found in normal patient samples 

 Proteins Found In Normal Patient Samples 
1 Alpha-actinin-1 

  
2 Apolipoprotein (a) 
3 ATP synthase subunit alpha 
4 C4b-binding protein alpha chain 
5 C4b-binding protein beta chain 
6 Complement component C8 alpha chain 
7 Complement component C8 beta chain 
8 Complement component C8 gamma chain 
9 Complement component C9 
10 Desmoglein-1 
11 EGF-containing fibulin-like extracellular   
12 Fermentin family homolog 3 
13 Fibulin-1 
14 Filamin-A 
15 Gelsolin 
16 Heparin cofactor 2 
17 Integrin beta 3  
18 Inter-alpha trypsin inhibitor heavy chain alpha 
19 Inter-alpha trypsin inhibitor heavy chain beta 
20 Inter-alpha trypsin inhibitor heavy chain gamma 
21 Keratin, type 2 cytoskeletal 71 
22 Myosin 9  

 
23 Phosphotidylcholine-sterol acyltransferase 
24 Ras-related protein Rap-1b 
25 Retinol-binding protein 4 
26 

 

Secreted phosphoprotein 24 
27 Talin 1 
28 Vinculin 
29 vonWillebrand Factor  
30 Zinc-alpha-2-glycoprotein 
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Table 5 : PAMSMB bound proteins found in PC patient samples 

 Proteins Found In PC Patient Samples 
1 Carboxypeptidase B2 

  
2 Carboxypeptidase N subunit 2 

 
3 Coag factor XIII A chain 
4 Collagen alpha-1 (XVIII) 
5 Complement C1r subcomponent-like protein 
6 Desmoplakin 
7 Fermitin family homolog 3 
8 Fetuin-B 
9 Glyceraldehyde-3-phosphate dehydrogenase 
10 Hyaluronan-binding-protein 2 
11 Immunoglobulin kappa variable 1-39   
12 Integrin alpha-IIb 
13 Lipopolysaccharide-binding protein 
14 Phospholipid transfer protein 
15 Properdin 
16 Thrombospondin-4 
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5.5 Utility of PAMSMB in the PCR amplification of polymer bound 
DNA 

The protein scavenging by PAMAM is important but we are also interested in 

the nucleic acid binding. In the previous sections, we have outlined procedures to 

identify proteins that are bound to the polymer. The ability to identify bound DNA and 

proteins would allow us to characterize the genomic content of PAMSMB-scavenged 

nucleic acids from PC CM and patient samples. Though preliminary, the following 

results provide evidence for an efficient method of displacing PAMSMB bound DNA.  

In order to test if DNA in solution can be bound by PAMSMB, we used PCR gel 

electrophoresis. The schematic for DNA binding is outlined in Figure 62, where plasmid 

DNA isolated from E.coli, is added to human plasma to begin the experiment. By adding 

in exogenous plasmid DNA we will be able to track the presence or absence of the 

nucleic acid throughout the experiment with primers that are specific to regions of the 

plasmid. PAMSMB was added to the samples to initiate DNA binding / scavenging, 

followed by the addition of SA-coated magnetic beads to bind the biotin portion of 

PAMSMB. The samples were subjected to magnetic fields and the unbound DNA and 

plasma milieu were removed. Water is added to the PAMSMB-bead complex and boiled 

for 30 min and subjected to vortexing throughout the incubation to further dissociate the 

DNA from the PAMSMB. After exposure to a magnetic field, the sample is removed and 

the displaced DNA is isolated via phenol chloroform isoamyl (PCI) procedures. Lastly, 
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PCR is performed on the purified DNA with DNA specific primers. The resultant PCR 

products were resolved in an agarose gel.  

Figure 63 demonstrates PAMSMB mediated binding of exogenous DNA in 

human plasma, displacement, isolation and amplification of bound DNA. We observe a 

single band of the correct size in lane 1, which contained PAMSMB and DNA, and no 

band is observed in lane 2 that does not contain DNA as a control. In addition, we see 

that the PCR positive control band is the correct size validating the primers and PCR 

protocol. These data provide support for the use of PAMSMB to identify polymer bound 

nucleic acids. Presumably, the same protocol could be used for RNA isolation and 

amplification since RNA is also cationic.   

Ongoing studies in our laboratory seek to us the PAMSMB scavenging and 

displacement protocol outlined here to determine the levels of RNA and DNA DAMPs 

via qPCR. For example, we are analyzing the extent of genomic DNA and mitochondrial 

DNA binding by PAMSMB in human patients who have undergone radiation therapy. 

Although we have promising results, further studies are required to validate our 

hypothesis.  
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Figure 62 : Schematic for PAMSMB DNA binding and dissociation 

Schematic outlines the procedure for the binding, isolation, and PCR 

amplification of exogenously added DNA. Unless otherwise stated, each step occurred 

at room temperature.  PCI nucleic acid isolation was performed to purify the displaced 

DNA.  
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Figure 63 : Isolation and PCR amplification of PAMSMB bound DNA 

Image from 1% agarose gel that was subjected to electrophoresis that contained 

PCR amplified products. A positive signal in lane 1 suggests that the protocol for DNA 

isolation is successful and reproducible. (Moreno et al., in preparation). 
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5.6 Utility of PAMSMB in confocal microscopy 

In addition to the analysis of bound components, PAMSMB can also be used in 

fluorescent microscopy. There are several commercially available SA conjugated 

fluorescent markers that can be combined with immunohistochemistry to visualize the 

cationic polymer. Figure 64 demonstrates the use of PAMSMB in confocal microscopy 

where PAMSMB co-localizes with DNA components of neutrophil extracellular traps 

(NETs). Neutrophils were isolated from healthy blood donors as per approved protocols 

and seeded on confocal imaging approved chamber slides. NETs are produced 

following a previously published methods (Najmeh et al., 2015). Yellow color indicates 

PAMSMB binding to the DNA portion of NETs, which are the overlay of PAMSMB (red) 

and DNA (green). Although a more efficient system with a PAMAM that contains a 

fluorophore was synthesized, these data are the first in our laboratory to visualize 

PAMSMB in a biologically relevant context. In the following sections we performed 

more confocal microscopy to better understand PAMAM internalization and 

compartmentalization by cells using a PAMAM derivative that is tailored for fluorescent 

microscopy.  
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Figure 64 : Confocal image with PAMSMB and NETs 

Confocal image demonstrating PAMSMB co-localized with DNA component 

from neutrophil NETs. Cell nuclei were stained with DAPI (blue), NETs were stained 

with Sytox (Green), and PAMSMB was added to samples following incubation with 

Avidin Cy3 (red), co-localization (yellow) as indicated by arrow. (Moreno et al., in 

preparation). 
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5.7 Utility of PAMSM-AF488 for the assessment of the NABP 
cellular distribution via confocal microscopy  

The ability for PAMSMB to be used as a scavenging and imaging agent is 

promising; however, there are several potential downsides to only using biotin as a 

reagent in microscopy. Despite the availability of ample avidin conjugated fluorophores, 

avidin is a large molecule and can engender non-specific binding and could interfere 

with the inherent PAMAM binding properties. Therefore, I sought to synthesize a 

PAMAM derivative that is directly conjugated to a fluorophore. In addition, a directly 

labeled agent would increase the sensitivity of the fluorescent signal.  Using the 

synthesis schematic in Figure 35, we generated a fluorophore labeled PAMAM 

derivative, named polyamidoamine sulfur maleimide alexa-fluor488 (PAMSMF-AF488). 

Synthesis information and quality control analysis is described in previous sections. The 

following results are proof of principle studies to determine the utility of PAMSM-

AF488 in cellular confocal microscopy.  

We sought to use PAMSM-AF488 to determine if PAMAM derivatives are 

internalized into cells. A murine macrophage cell line was chosen to increase the 

probability of internalization as a baseline control. These highly phagocytic cells (RAW 

264.7) should engulf the cationic polymer derivative PAMSM-AF488 (green) and Figure 

65 demonstrates the results. At the single cell level we can see the cell nucleus, stained 

with DAPI/Hoechst (blue), the cellular membrane (red), and PAMSM-AF88 co-localizing 

with the red channel creating the yellow merge (arrow). Defined puncta in the green 
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channel suggest localization of the NABP derivative to discrete cellular compartments 

after 1 hour of incubation with highly phagocytic cells. These images suggest that the 

polymer is internalized into cells; however, to definitely determine if the cells are 

internalized we repeated the experiment with higher resolution microscopy such that z-

stacking would be possible.  

By reconstructing the confocal images obtained in a replicate experiment, we can 

clearly see PAMAM internalization as demonstrated by the high density of green signal 

in the z-stack image that correlates to the cytoplasmic compartments. Little to no 

PAMSM-AF488 signal was observed on the cellular membrane and nuclear sections 

(Figure 66). The fluorophore labels were chosen such that they would allow for partial 

determination of cellular location. Hoechst was used to stain the nucleus (blue) and deep 

red plasma membrane stain for the outer membrane (red).  The first representative 

image in the figure is taken from the highest point of the z-stack containing the outer 

cellular membrane, a mid- z-stack image indicative of the cytoplasmic region, and low z-

stack position for the nuclear portion. Using reconstruction software we can generate 3-

dimensional images to obtain a better visual interpretation of PAMSM-AF488 

localization. A cluster of cells were analyzed and the images in Figure 67 represent one 

perspective and a second perspective from the image rotated 180O about the y-axis as 

outlined in the figure. By rotating the image we can see distinct distribution of the 

NABP in the cytoplasm. In addition, lack of signal in the cell center likely suggests the 
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PAMAM-derivative does not enter the nucleus. In future studies we will vary the 

PAMSM-AF488 incubation times in many cell types to verify these initial observations 

and solidify these claims. 

As expected, the cationic polymer is internalized by the cells, which corroborates 

the original application of PAMAM dendrimers as gene delivery agents. More 

importantly, these result demonstrate the utility of the conjugated polymer and in 

conjunction with fluorophotometric-based platforms, the importance of this molecule in 

determining the MOA of PAMAM-G3 mediated anti-inflammatory properties. In 

subsequent studies we will use confocal microscopy to determine if internalization 

occurs in many of the models where PAMAM-G3 abrogates disease pathologies. For 

example, it is possible that PAMAM mediates its effects intracellularly, and we will 

assay if PAMAM-like derivatives are capable of entering PC cells, and peripheral blood 

mononuclear cells (PBMCs). However, for quantitative experiments flow cytometry can 

be used to assess the efficiency of NABP internalization using PAMSM-AF488 in an 

efficient manner.   
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Figure 65 : Cationic polymer internalization by murine macrophages by 
PAMSM-AF488 confocal microscopy 

Murine macrophage cells (RAW 264.7) were incubated with PAMSM-AF488  

(green) overnight at 37oC in experimental samples, followed by Hoechst (blue) for 

nuclear staining and deep red plasma membrane stain (red). We observe co-localization 

of the NABP with cellular membrane components. (Moreno et al., in preparation). 
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Figure 66 : Cellular distribution of NABP utilizing PAMSM-AF488 by confocal 
microscopy 

The same color scheme was used as in the previous figure. Representative 

images demonstrate separate cellular compartments imaging about the z-axis. (Moreno 

et al., in preparation). 
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Figure 67 : 3-dimensional rotation demonstrating cellular distribution of 
NABP by PAMSM-AF488 confocal microscopy 

Using the previous figure, z-stacking was performed on the green channel from 

PAMSM-AF488 followed by 3-D reconstruction as demonstrated by two images rotated 

about the axis as indicated in the figure. The distribution of the green signal suggests 

that the PAMAM derivative resides in the cytoplasmic portions of murine macrophages. 

(Moreno et al., in preparation). 
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5.8 Utility of PAMSM-AF488 for the assessment of the NABP 
cellular internalization via flow cytometry  

Fluorescence activated cell sorting (FACS) was used to see if the internalization 

of PAMSM-AF488 that was observed in the confocal studies were reproducible. As 

demonstrated by Figure 68, we can see that there is a shift in the FL1-H channel to the 

right, which measures the intensity of the green channel emitted by PAMSM-AF488. All 

samples that were stained with the PAMAM derivative show an increase in fluorescence 

when compared to unstained cells. The signal intensity correlates with the concentration 

of the polymer (µM) suggesting successful staining protocols were performed. As 

expected, incubation of murine macrophage cells (RAW 264.7) with 1 µM of PAMSM-

AF488 resulted in the highest signal compared with the lowest signal observed in 0.05 

µM.  

There is the possibility; however, that the fluorescent signal comes from 

PAMSM-AF488 molecules that are attached to the cell surface, despite several washes. 

To ensure the polymer is internalized, the cells were subjected to HS washes prior to cell 

fixing and staining. In previous studies we have shown by EMSA that HS displaces 

polymer bound DNA. Figure 69 verifies that the green signal comes from internalized 

NABPs as demonstrated by similar fluorescent profiles in samples with and without HS. 

No change is seen in murine macrophage stained with 1 µM of PAMSM-AF488 only and 

1 µM of PAMSM-AF488 plus HS, whereas a modest change is seen in samples with 0.5 

µM of the NABP derivative. These results suggest that the combination of flow 
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cytometry with PAMAM derivatives that contain a fluorophore are a powerful platform 

to assay the extent of NABP internalization. This approach can be applied to many cells 

that are of therapeutic interest and we seek to use this method to validate the MOA of 

NABP mediated anti-inflammation.  
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Figure 68 : FACS histogram in murine macrophages with PAMSM-AF488 

Using murine macrophage cells (RAW 264.7) that were fixed and stained with 

varying levels of PAMSM-AF488 we can see a shift in fluorescent intensity that 

correlated with the concentration of the polymer-derivative. Each sample correspond to 

1000 counts. (Moreno et al., in preparation). 
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Figure 69 : FACS histogram in murine macrophages with PAMSM-AF488 and 
HS washes 

Using murine macrophage cells (RAW 264.7) that were fixed and stained with 

varying levels of PAMSM-AF488 we can see a shift in fluorescent intensity that 

correlated with the concentration of the polymer-derivative. More importantly similar 

fluorescent intensities are observed in samples with or without HS washes that were 

performed as the last step in the cell preparation protocol. These results suggest that 

PAMSM-AF488 is internalized in these cells, validating this experimental procedure. 

Each sample correspond to 1000 counts. (Moreno et al., in preparation). 
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6. Discussion of Results and Future Directions 

 

6.1 Anti-PEG antibody mediated inhibition of PEGylated RNA 
aptamers  

The assumption that PEG is non-immunogenic has recently been challenged in 

human studies which clearly demonstrate that PEGylated drugs can elicit antibodies to 

PEG. In the RADAR and REGULATE-PCI trials, it was found that high levels of pre-

existing anti-PEG antibodies could cause serious adverse events (SAEs) primarily 

related to a PEGylated aptamer. In the study described herein, we identified another 

potential issue with the use and development of PEGylated drugs in that the existence of 

anti-PEG antibodies can directly inhibit a PEGylated aptamer’s therapeutic effect.  Taken 

together with previous reports that suggest antibody-mediated accelerated drug 

clearance can also diminish PEGylated drug potency, these results also suggest that anti-

PEG antibodies can significantly and directly limit drug activity. The occurrence of anti-

PEG antibodies in the general public is just now being thoroughly investigated. 

Considering that at least 16 FDA approved PEGylated drugs are on the market and 

numerous unregulated products contain PEG, additional studies examining the effects 

of anti-PEG antibodies on drug efficacy and safety are required for the public well-

being. Herein, we show that the presence of anti-PEG antibodies is capable of inhibiting 
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the anticoagulant activity of a PEGylated aptamer in vitro as well as in vivo. These 

findings shed additional light on the potential limitations of conjugation and 

formulation strategies that employ PEG, at least for inhibitors such as aptamers that act 

by blocking assembly of macromolecular complexes. Although macromolecular drugs 

are an attractive area of translational research, the need for better pre-screening for PEG 

antibodies or a better understanding of PEG in relation to the immune system is 

required to ensure that novel PEGylated therapies can maximally benefit the health of 

the public.  

The RADAR and REGULATE-PCI pegnivacogen trials were halted because of 

SAEs apparently caused by pre-existing anti-PEG antibodies. The severity of the allergic 

reactions seen in 0.6% of patients in each of these trials who received the aptamer 

therapy appear to be explained by the 40 kDa mPEG that was conjugated to the aptamer 

to enhance PK/PD properties.  The aptamer was delivered as a bolus intravenously, with 

a high probability of rapidly coming into contact with circulating anti-PEG antibodies as 

IgGs are the second most common protein found in blood (Gonzalez-Quintela et al., 

2008). Most of the patients that experienced a SAE had the highest levels of anti-PEG 

antibodies. In addition to anti-PEG IgGs, anti-PEG IgMs are now also being explored as 

they have been implicated with enhanced clearance of PEGylated protein therapies (Fix 

et al., 2018; Ganson et al., 2006; Hsieh et al., 2018) and can contribute to deleterious 

immunological effects. Based on the results from the murine thrombosis study, we can 
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extrapolate numerical inferences about anti-PEG IgG levels and PEGylated drug 

inhibition in vivo. The amount of anti-PEG IgG that was administered in the in vivo 

studies accounts for approximately 4% of total mouse IgG. Therefore, using the 

therapeutic dose of RB006 / pegnicavogen from the REGULATE-PCI trial and the 

average concentration of IgG in adults (Gonzalez-Quintela et al., 2008), we estimate that 

a low percentage of total IgGs (0.38% - 0.88%) would have to be targeted against PEG to 

thwart the anticoagulant properties of the aptamer in patients. Unfortunately, the levels 

of pre-existing anti-PEG IgGs from the patients in the RADAR and REGULATE-PCI trial 

are unavailable, therefore no direct quantitation can be made as these patient samples no 

longer exist.  

To assess whether aptamer function was retained in the presence of anti-PEG 

antibodies, we first evaluated antibodies from patients that were enrolled in the 

Krystexxa trial and a murine anti-PEG antibody to determine if they can recognize the 

PEGylated aptamer RB006. We observed that anti-PEG antibodies can inhibit aptamer 

binding to its target protein and that this inhibition can result in diminished 

anticoagulant activity in clinical coagulation assays performed in vitro. For context, the 

relative affinities of the antibody and aptamer are worth noting. The addition of a 40 

kDa mPEG to this aptamer results in a modest reduction in affinity to FIXa. The parent 

aptamer sequence 9.3t exhibits a Kd = 0.58 ± 0.1 nM, while the PEGylated version shows 

a Kd = 2.83 (± 0.4 nM) to FIXa (Rusconi et al., 2004; Rusconi et al., 2002). The anti-PEG IgG 
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that was used in the inhibition experiments has an affinity to the PEG chain of 2.9 nM as 

per the manufacturer’s documentation. Since the affinity of the aptamer to the IgG and 

FIXa are very similar it would seem reasonable that the antibody could effectively 

compete with FIXa for binding to the aptamer. Moreover, the bivalent antibody may 

bind with increased avidity to the PEGylated aptamer as multivalent binding is possible 

with antibodies to polyvalent antigens such as large, branched PEGs. This is supported 

by SPR binding data that illustrates the extent of reduced aptamer binding to its target 

by anti-PEG antibodies. The SPR data considered in combination with the affinities 

suggests a steric hinderance mechanism of antibody-based inhibition of RB006 binding 

to FIXa.  This observation, at first glance, was surprising as the aptamer does tolerate the 

addition of a 40 kDa branched PEG; therefore, why does the binding of a ~150 kDa 

protein impede activity?  As mentioned above, the addition of the PEG to the aptamer 

does reduce affinity of the aptamer to FIXa by approximately 5 fold. Moreover, as the 

PEG contains two 20 kDa branches, it is entirely possible that two or more anti-PEG 

IgGs can simultaneously bind RB006, which would further sterically impede aptamer 

binding to its target protein. Finally, IgGs have been shown to bind two different 

antigens, thereby linking them together to form a chain. This seems particularly 

plausible given the bifunctional nature of both the IgG and the branched PEG in this 

instance (Yamaguchi and Harada, 2002). Thus, supramolecular IgG-antigen chains may 

also be forming, which would be expected to further limit the aptamers ability to bind 
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FIXa. Finally, though not directly addressed herein, we would anticipate that anti-PEG 

IgMs would be even more effective at sterically interfering with PEGylated drug 

activity.   

In lieu of patient samples from the clinical studies testing RB006 / pegnivacogen, 

we sought to use rhesus monkeys to begin exploring PEGylated aptamer 

immunogenicity to provide preliminary data to the growing set of studies examining 

PEG as an immunogen. In addition to the inhibition studies, we also detected the 

presence of anti-PEG IgG in rhesus monkeys following only a single subcutaneous or 

intravenous injection of PEGylated aptamer RB006.  Although aptamers are attractive 

novel therapeutics with numerous exciting emerging applications including as 

anticoagulants (Gunaratne et al., 2018; Nimjee et al., 2017; Powell Gray et al., 2018; 

Sullenger and Nair, 2016; Zhou et al., 2018), our results suggest careful consideration is 

needed for bio-conjugation in the future to avoid the pitfalls that were found during 

pegnivacogen / RB006 clinical development. These findings are not limited to aptamers 

as they extend to any macromolecular therapies that contain PEG.  However, the 

observation that anti-PEG IgGs can impede PEGylated drug activity may be a particular 

concern for therapeutic agents such as anticoagulant aptamers that induce their effects 

by binding large solvent exposed surfaces on their target molecules and thereby block 

macromolecular interactions (Gelinas et al., 2016; Gunaratne et al., 2018; Long et al., 2008). 

By contrast PEGylated protein enzymes, such as ADAgen or pegloticase that function by 
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binding small molecule substrates in active sites, may be less susceptible to IgG-based 

steric inhibition. Regardless, the possibility of such anti-PEG Ig-based steric inhibition 

should be explored for each PEGylated therapeutic agent given the prevalence of anti-

PEG IgGs in the population. 

PEG hypersensitivity as it pertains to drug development is just now being 

appreciated. Our work complements these studies and indicates that in addition to 

safety issues associated with anti-PEG antibodies, pre-existing anti-PEG antibodies may 

also reduce PEGylated drug efficacy. This outcome can lead to erroneous conclusions in 

clinical trials, for example, a drug may be deemed ineffective because its efficacy is 

limited in the growing subset of patients that harbor antibodies against PEG even 

though it may be particularly efficacious in those without antibodies. Although these 

studies present general questions related to public health, they also point to the need for 

improved precision medicine-based approaches to exclude patients from studies and 

from taking PEGylated drugs if they harbor anti-PEG antibodies.  

The beneficial attributes of PEG are responsible for its pervasiveness in everyday 

life with countless medical and commercial products with PEG in their ingredients. 

Contrary to its “non-fouling” nature, increasing evidence indicates that PEG can be 

harmful and moreover as this study illustrates, can also reduce drug efficacy making 

clinical development more challenging. Despite the advances in biopharmaceutical 

therapies, a disconnect remains between translating drugs from the laboratory bench to 
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the patient bedside. Our limited understanding of the complex immunological processes 

that are involved in medicament administration can inhibit the generation of improved 

therapeutics. Therefore, further investigation into PEG antibody generation and actions 

are required for the advancement and approval of many bona fide effective therapies.  

In future studies, we seek to repeat the in vitro activated partial thromboplastin 

time (aPTT) inhibition experiments with the plasma from rhesus monkeys. These, along 

with in vivo studies examining the minimum ratio of anti-PEG antibody to RB006 that 

results in aptamer inhibition, will provide more real-world context for the results 

described here. In addition, few propose more ELISAs with aptamers conjugated to 

varying lengths and types of PEG to further characterize the binding properties of anti-

PEG antibodies to aptamers. Lastly, we are actively pursuing alternatives to PEG in 

order to functionalize RNA aptamers for therapeutic use. 

 

6.2 Towards a mechanistic understanding of PAMAM mediated 
anti-inflammatory properties 

 Although the design of novel therapeutics is challenging, well established drugs 

are regularly repurposed as solution for an array of unmet clinical needs. For example, 

several pharmaceutical companies have taken drugs that were designed to combat one 

malady and successfully used it to treat another seemingly unrelated ailment (Oprea et 

al., 2011). Utilizing this approach, we have successfully repurposed a gene delivery 
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agent as an anti-inflammatory molecule with promising results (Holl et al., 2016; Lee et 

al., 2011). More recently, we have demonstrated that the administration of PAMAM-G3 

is correlated with minimized metastasis in an orthotopic syngeneic immunocompetent 

mouse model for pancreatic cancer (PC) (Naqvi et al., 2018). Although these results are 

immensely promising, it would be valuable to determine the mechanism of action 

(MOA) of nucleic acid binding polymers (NABPs) before these compounds can be 

administered as therapeutics. To that end, we have synthesized derivates of PAMAM 

dendrimers that contain either a biotin molecule or fluorophore. In Chapter 5, we have 

shown how polyamidoamine sulfur maleimide biotin (PAMSMB) can be used to 

identify polymer bound compounds and polyamidoamine sulfur maleimide Alexa Fluor 

488 (PAMSM-AF488) a powerful reagent in confocal microscopy and flow cytometry. 

These molecules will aid in the deciphering the NABP MOA and help us to critically test 

our central hypothesis behind NABPs.  

 The cationic properties of PAMAM dendrimers engender its potent biological 

application as a gene delivery agent. The terminal positively charges amines of PAMAM 

can also bind extracellular DNA, RNA, and associated protein molecules that are likely 

released from apoptotic and necrotic cells. In an immunocompromised settings, such as 

systemic lupus erythematosus (SLE), these DNA / RNA complexes can exacerbate 

disease pathologies through aberrant immune activation (Kotzin, 1996). Using cell-based 

assays we have shown that PAMAM binds damage associated molecular patterns 
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(DAMPs) of nucleic acid and protein nature. Interestingly, we also find that NABPs bind 

proteins. For PAMAM, these interactions occur between the positively charged amines 

on the polymers outer shell and the negatively charges phosphate backbone on nucleic 

acids. The binding of lipopolysaccharide (LPS) in PBS is partially explained by the slight 

negative charge of the molecule; however, we still observe a reduction in hTLR4 

activation in studies utilizing patient plasma and serum. Originally, we suspected that 

this was an experimental artifact as the positively charged amine binding of negatively 

charged nucleic acids would logically dominate the binding. After careful analysis we 

have refined our interpretation. When PAMSMB is combined with more biologically 

relevant DAMP sources including PC conditioned media (CM) and PC patient plasma, 

NABPs come into contact with significantly more complex milieus. For example, nucleic 

acids rarely exist on their own, as they are usually found in complex with nucleic acid 

binding proteins. These samples are much different than the initial TLR studies where a 

homogenous pro-TLR DAMPs were scavenged in PBS. Moreover, these proteins have 

been previously identified to be known endogenous sources of pattern recognition 

receptor (PRR) activators (Loiarro et al., 2010; Mantovani, 2009; Wegiel et al., 2015). We 

propose that the NABP is binding the DNA and RNA that are in complex with cognate 

proteins. More studies are needed to verify these claims.  

 By examining the binding characteristics of PAMAM-G3 and PAMSMB we posit 

that higher order binding is taking place. In initial displacement studies, we were unable 
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to displace all the polymer bound DNA in strong high molarity salts. Harsh conditions 

were required to liberate proteins from the bead polymer complex in the proteomic 

studies. For example, heparin sulfate (HS) was sufficient to dissociate purified DNA 

from the polymer and boiling with harsh reducing agents were needed for proper 

dissociation of complexes when PAMSMB is subjected to PC cell CM and PC patient 

samples. This is an important consideration when interpreting the components that are 

scavenged by the polymer.  

 We have established novel methodologies with the polymer derivative PAMSMB 

that are akin to immunoprecipitation (IP) (Down et al., 2008; Liu et al., 2002; Orlando, 

2000). IP is a highly utilized technique in molecular biology that identifies proteins and 

their interactions to decipher a plethora of biological processes. The approach to identify 

bound proteins is very similar to IP and we suggest naming our method polymer 

precipitation (PoP). PoP can be used to identify polymer bound proteins and nucleic 

acids as demonstrated in previous results Chapter 5. Though more investigations are 

required to optimize this procedure, PoP of DNA is promising based on our EMSA 

results. In addition to elucidating PoP methods, we are also further verifying the 

findings from previous studies that validate the use of NABPs as anti-inflammatory 

agents. We observe reduced TLR activation with samples subjected to PAMSMB that 

corroborate the results from previous studies from our lab demonstrating consistent 

DAMP binding.  
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 Novel PAMAM derivative PAMSM-AF488 is a valuable compound for 

visualization of NABP and harnesses fluorescence based analytical methods. In previous 

chapters, we have shown how PAMSM-AF488 can be used to determine the extent of 

polymer internalization by murine macrophages. In conjunction with confocal 

microscopy and flow cytometry, we definitively determined that PAMAM is 

internalized by murine macrophages. This approach can be used to study polymer 

internalization of a myriad of different cell types in vitro. For example, PAMAM can 

have positive effects inside cells and this can be tested in a multiplex format with several 

cells via fluorescence activated cell sorting (FACS) (Laerum and Farsund, 1981; 

Mariathasan and Monack, 2007). Post-mortem analysis would also allow us to measure 

the distribution of PAMAM ex vivo. Tissues can be assayed for the presence of green 

fluorescent signals, which would indicate the presence of the NABP. We plan to use 

PAMSM-AF488 in future studies to assess the efficiency and extent of internalization for 

various cells types.  

 In addition to the synthesis of the PAMSMB and PAMSM-AF488, we generated 

an infrared labeled polymer polyamidoamine sulfur maleimide Alexa Fluor 750 

(PAMSM-AF750). This molecule would allow for intravital microscopy in real time 

(Hilderbrand and Weissleder, 2010). Unfortunately, extensive QC analysis of this 

PAMAM derivative have not been performed. Therefore, we chose to exclude it from the 

results section. Currently, FACS and confocal experiments are being performed to 
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generate protocols for the utilization of PAMSM-AF750. As this PAMAM derivative is 

infrared, it will allow for in vivo tracking of the polymer. Pharmacokinetic studies can be 

performed with this novel derivative to determine the extent of the polymers tissue 

distribution. As biodistribution is a critical component to decipher the MOA, PAMSM-

AF750 will aid in future studies towards this endeavor. Lastly, PAMSM-AF750 could 

possibly unveil alternative MOAs or applications of NABPs that were not considered in 

the initial studies.  

 The potential for NABPs as therapeutic agents is a promising concept; however, 

deciphering the MOA is important to accurately assess its therapeutic capabilities. The 

newly synthesized PAMSMB, PAMSM-AF488 and PAMSM-AF750 will aid in this task. 

It is possible that PAMAM may not be a sufficient medicament on its own or toxicity 

issues may arise. Nevertheless, the novel PAMAM derivatives outlined in this 

dissertation will ensure appropriate tests of efficacy and safety. Moreover, these 

polymers could also be used as reagents to identify DAMPs or disease biomarkers which 

may lead to the development of more efficacious therapies. Considering the novelty of 

repurposing NABPs as anti-inflammatory agents, the PAMAM derivates described 

herein are valuable reagents for future studies to determine the MOA of PAMAM 

mediated anti-inflammatory properties.  
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7. Experimental Approaches and Methodologies   

 

7.1 Anti-PEG antibody mediated inhibition of PEGylated RNA 
aptamers 

 

7.1.1 Animal models and subject details   

Mice  

Experiments were approved by the Duke Institutional Animal Care and Use 

Committee and performed in accordance with NIH guidelines. C57BL/6J mice were 

used for in vivo thrombosis studies, mice were anesthetized and temperature was 

measured for the duration of the study.  

Rhesus monkeys (Macaca mulatta) 

All animal procedures conformed to the requirements of the Animal Welfare Act 

and protocols were approved prior to implementation by the Institutional Animal Care 

and Use Committee at the University of California, Davis. Activities related to animal 

care (diet, housing) were performed per California National Primate Research Center 

standard operating procedures.  
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7.1.2 Synthesis of RB006 

RB006, a 31 nucleotide 2’ modified RNA aptamer conjugated to 40 kDa methoxy 

polyethylene glycol (Figure 1), was manufactured by Samchully Pharm Co., LTD. 

(Seoul, Korea). All experiments, excluding aPTTs, with aptamer were performed with 

re-folded RB006 by heating the sample to 65oC for 5 minutes to unfold and 5 minutes at 

room temperature (RT) for re-folding.   

 

7.1.3 Indirect enzyme linked immunosorbent assay (ELISA)  

To test if antibodies in human plasma recognize PEGylated compounds 

PEGylated aptamers RB006 and Macugen, PEGylated proteins ADAgen (PEGylated 

adenosine deaminase), and unPEGylated aptamer RB005, protein ADA as controls (at 

950 nM) were adsorbed to a 96-well plate in PBS overnight at 4oC. Plates were washed 

with 250 µL/well B-PBS buffer (1% BSA, PBS), and all other incubations were performed 

with 100 µL/well and all dilutions represent (v:v).  Blocking was accomplished by 

adding B-PBS for 1 hour at RT. Next, patient plasma containing anti-PEG IgG was 

diluted (1:400) in B-PBS and incubated for 2 hours at room temperature (RT), with 

patient plasma negative for anti-PEG IgG as a control.  Human anti-PEG IgGs were 

detected using chicken polyclonal antibody to human IgG conjugated to horseradish 

peroxidase (HRP) (Ca# 6864 Abcam, Cambridge, MA) diluted 1:5,000 incubated for one 

hour at RT. As a substrate, tetramethylbenzidine (TMB) (Ca# 7004 Cell Signaling, 
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Danvers, MA) was added to each well and the reaction was stopped with STOP (Ca# 

7002 Cell Signaling, Danvers, MA) after the plate was incubated for 15 min at RT on an 

orbital shaker at 100 rpm. Plate absorbance was read at A450 and all values were 

references to plate blank (buffer only), unless stated otherwise.   

The presence of nonhuman primate anti-PEG IgGs was determined through 

ELISA. Mono mPEG (20 kDa) BSA coated plates (Ca # PBSA-01, Life Diagnostics, West 

Chester, PA) were washed with 250 µL/well B-PBS buffer (1% BSA, PBS), and all other 

incubations were performed with 100 µL/well and all dilutions represent (v:v).  Blocking 

was accomplished by adding B-PBS for 1 hour at RT. Nonhuman primate plasma was 

diluted 1:10 in B-PBS and incubated for 2 hours at RT, following 4 plate washes with B-

PBS. Monkey anti-PEG IgGs were detected using rabbit anti-monkey IgG-HRP (Ca# 

2054, Sigma, St. Louis, MO) diluted 1:20,000 in B-PBS. As a substrate, TMB was added to 

each well and the reaction was stopped with STOP (Ca# 7002 Cell Signaling, Danvers, 

MA)  after the plate was incubated for 15 minutes at RT on an orbital shaker at 100 rpm. 

Plate absorbance was read at A450 and all values were references to plate blank (buffer 

only), unless stated otherwise.   

 

7.1.4 Competition enzyme linked immunosorbent assay (ELISA)  

Apparent anti-PEG IgG affinity to PEGylated aptamer was determined via 

competition ELISA beginning with 96-well plates coated with PEGylated uricase 
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(identical concentration to indirect ELISA) in PBS overnight at 4oC. In separate tubes 100 

µL anti-PEG containing patient plasma diluted (1:200) in B-PBS was combined with 100 

µL of increasing concentrations of competitor ADAgen or RB006, and ADA or RB005 as 

controls which were diluted 2-fold with a starting concentration of 9.5 µM in B-PBS and 

incubated overnight at 4oC. Next, wells were washed and 50 µL of plasma with 

competitor was added to wells and incubated 1 hour at RT. Wells were washed and 

human anti-PEG IgGs were detected using chicken polyclonal antibody to human IgG 

conjugated to horseradish peroxidase (HRP) (Ca# 6864 Abcam, Cambridge, MA) diluted 

1:5,000 incubated for one hour at RT, followed by the addition of TMB and STOP 

solution as described in indirect ELISA procedure. 

 

7.1.5 Surface plasmon resonance (SPR)  

All SPR studies were performed in collaboration with the Duke Human Vaccine 

Institute Biomolecular Interaction Analysis Facility with consultation from Dr. Brian 

Watts, using a Biacore T200 instrument, Biacore T200 Control Software, and T200 

Evaluation Software version 2.0 (GE Healthcare, Stockholm, Sweden). The response 

signal (RU) of the BIAcore instrument is proportional to changes in the refractive index 

at the surface and is proportional to the mass of the substance bound to the chip.  

For immobilization, a carboxymethylated dextran CM5 sensor chip (Ca# 

BR100012, GE Healthcare, Stockholm, Sweden) was primed with running buffer was 
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HBS-EP+buffer, which contained 0.01 M Hepes (pH 7.4), 0.15 M NaCl, 0.0034 M EDTA 

(Ethylenediaminetetraacetic acid) and 0.05% (v/v %), P20 (or Tween 20). The chip was 

subsequently activated with N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) at 5 µL/min for 7 minutes and 

recombinant human FIXa (Ca# HCIXA-0050, Haematologic Technologies, Essex 

Junction, VT) at 60 µg/mL in 10 mM sodium acetate (NaOAc) buffer pH 4.5 was injected 

over flow cell 2 at 1 minute increments until approximately 5,000 RU were achieved. 

After sufficient coupling the surface was inactivated with 1 M ethanolamine 

hydrochloride-NaOH (pH 8.5) for 12 minutes.  

Binding experiments were performed at 37oC with a flow rate of 30 µL/min and 

all samples were diluted in binding buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 2 mM 

CaCl2, 0.01% BSA), which also served as the running buffer. Each sample was kept at 

37oC in the sample compartment. The resultant binding curves are reference subtracted 

where the flow cell 2 sensorgram values were subtracted from the sensorgram values 

from control flow cell 1 resulting in the reported raw sensorgram. Each sample was 

injected at the same rate and with equivalent contact time. The order of samples on the 

inset in Figure 3 represents the order of sample injection. Samples containing anti-PEG 

antibody and RB006 were pre-mixed before injection. Interestingly we observe a modest 

reduction in binding following the maximum binding during the association phase, 

prior to the dissociation phase. While this observation does not detract from the overall 
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interpretation that the anti-PEG antibody inhibits aptamer binding to factor IXa, it does 

suggest that adding additional aptamer to formed aptamer-factor IXa complexes may 

modestly impact the ability of the aptamer to binds its target protein. As aptamers 

naturally contain self-complementary sequences due to their base paired regions, it is 

possible that they can serve as weak antidotes for the aptamer at least at the high 

concentrations utilized in such SPR studies.  

 

7.1.6 In vitro clotting assays  

Activated partial thromboplastin time (aPTT) assays were performed using a 

STart 4 coagulometer (Diagnostica Stago Inc., Asnières sur Seine Cedex, France.) as 

described previously in (Soule et al., 2016). Pooled normal human plasma (50 µL) 

(George King Biomedical, Overland Parks, KS) was incubated with aptamer re-

suspended in phosphate buffered saline (PBS) alone (5 µL) or aptamer pre-mixed with 

anti-PEG antibody IgG (5 µL) (Ca# ID9-6 Life Diagnostics, West Chester, PA) followed 

by TriniCLOT aPTT S (50 µL) (Trinity Biotech, Bray, Co Wicklow, Ireland) was added 

and incubated for 5 minutes at 37oC. Clotting was initiated by the addition of 0.02M 

CaCl2 (50 µL) and time to clot formation was determined. Each sample was tested in 

duplicate and each experiment was repeated in triplicate.    
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7.1.7 In vivo murine model of thrombosis  

The carotid FeCl3 injury model was performed as previously described (Westrick 

et al., 2007). Briefly, C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were intubated 

and the left jugular vein was cannulated. The right common carotid artery was isolated 

and a Transonic Nanoprobe (Transonic Systems Incorporated, Ithaca, NY) was placed 

around the vessel to measure blood flow for 5 minutes to ensure a stable baseline. 

Samples were administered intravenously either: 1) RB006 and circulated for 5 minutes 

in an aptamer dose titration study, or 2) anti-PEG antibody circulated for 15 minutes 

followed by RB006 and circulated for 5 minutes in the inhibition study. Carotid artery 

thrombosis was induced by placing a 10% ferric chloride (FeCl3) soaked 1x2 mm 

Whatman paper on the carotid artery for 3 minutes. Blood flow was measured for 60 

minutes, and all animals were euthanized at the end of the study. 

 

7.1.8 Rhesus monkey study  

Blood samples were collected from a peripheral vessel in ketamine-sedated 

animals (either ketamine hydrochloride at 5-30 mg/kg or telazol 5-8 mg/kg 

intramuscular), and RB006 administered (intravenous or subcutaneous injection; ~ 1 ml) 

under aseptic conditions. Samples were collected from a peripheral vessel as noted in 

Table 2, and plasma was obtained, frozen in aliquots, then used for indirect anti-PEG 
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ELISA to test for the presence of anti-PEG IgG as previously described. Each sample was 

tested in triplicate and each experiment was performed in triplicate.  

 

7.1.9 Quantification and statistical analysis  

Statistical parameters including n, the definition of center, dispersion and 

precision measures (mean ± SD) and statistical significance are reported in the Figures 

and Figure Legends. Data is considered to be statistically significant when p < 0.05 by 

Student’s t test. In figures, asterisks denote statistical significance as calculated by 

Student’s t-test or 2-way ANOVA (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Statistical 

analysis was performed in GraphPad PRISM 6. 

  



 

171 

7.2 Towards a mechanistic understanding of PAMAM mediated 
anti-inflammatory properties 

 

7.2.1 Synthesis of PAMAM derivatives  

A fourth-generation polyamidoamine (PAMAM-G4, catalog no. AuCS-297, lot 

no. 297-0149) was purchased from Andrews Chemical Services containing a cystamine 

core and suspended in 10% methanol (wt/wt). The starting material was lyophilized 

overnight to allow for ease of chemical conjugation. The lyophilized starting material 

was then resuspended in 5 mM EDTA in ultrapure water. This solution was then reacted 

with a 2-fold volumetric excess of PierceTM immobilized TCEP reducing gel (Thermo-

Fisher Scientific, catalog no. 77712) at room temperature for 1 hour and overnight at 4°C 

according to the manufacturer’s guidelines. The resulting product was a hemi-PAMAM-

G4 containing a free thiol, also referred as PAMAM-G3-SH, at the point of the cystamine 

core’s disulfide bridge. The product was split into several aliquots and frozen at -80°C. 

One aliquot was then used in subsequent conjugation reactions. The biotin conjugation 

was carried out using a 9-fold molar excess of the EZ-linkTM maleimide-PEG2-biotin 

(Thermo-Fisher Scientific, catalog no. 21901BID, lot no. TK2760288) in 2 mM EDTA at 

room temperature overnight according to manufacturer’s guidelines. An aliquot of the 

unpurified product of this reaction was stored at 4°C for later chemical analyses. The 

remaining conjugated polymer (PAMSMB) was then purified using a Centriprep® 3kDa 
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centrifugal filter device purchased from Millipore Sigma (catalog no. 4302), and washed 

3 times with water. The flow-through from this step was stored at 4°C for later chemical 

analyses while the purified product was flash frozen, lyophilized, and stored at -80°C 

for later characterization studies.  

 

7.2.2 Ellman’s and HABA assays  

In order to verify that the reduced PAMAM-G4 contained only the free thiol 

product and no unreacted disulfide starting material, the reduced product was reacted 

with 5,5’-dithio-bis-(2-nitrobenzoic acid) or DTNB (Ellman’s reagent) purchased from 

Sigma-Aldrich (catalog no. D218200-5G, lot no. STBD3094V). The reduced product was 

diluted 10-fold, mixed and incubated with the Ellman’s reagent at room temperature for 

15 minutes before measuring its absorbance at 412nm on a Spectramax i3 plate reader 

(Molecular Devices) compared to a cysteine standard (Thermo-Fisher Scientific, catalog 

no. 44889) ranging from 0-1.5 mM.  

A PierceTM biotin quantification kit (Thermo-Fisher Scientific, catalog no. 28005, 

lot no. RD228751) containing the HABA/Avidin reagent (4’-hydroxyazobenzene-2-

carboxylic acid) was used to verify the presence of biotin in the purified PAMSMB 

product. Both biotin (positive control, 0-5.0 mM) (Sigma-Aldrich, catalog no. B4501-

100MG, lot no. 091M1505V) and the lyophilized PAMSMB were resuspended in PBS 

lacking divalent cations (Ca2+ and Mg2+) for the assay. The HABA/Avidin powder was 
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resuspended in Millipore-grade ultrapure water (resistivity of 18.2 MΩ•cm at 25°C), 

mixed on an orbital shaker for 10 minutes, and had its absorbance read at 500nm on a 

Spectramax i3 plate reader (Molecular Devices). Then either a biotin positive control or 

the PAMSMB (diluted 5-fold) was mixed with HABA/Avidin, set on orbital shaker for 10 

minutes before having its absorbance read at 500nm. The difference between the 

absorbances before and after the addition of the biotinylated samples were used to give 

a readout of biotin concentration in the final PAMSMB product. Both the Ellman’s and 

HABA assays were performed as per the manufacturer’s protocol with slight variations 

described above. 

 

7.2.3 Electrophoretic mobility shift assay (EMSA) 

In order to test the extent of DNA binding by PAMAM and its derivatives we 

used an EMSA, a common method used in the development of cationic dendrimers. 

Samples with varying N:P ratios that correlate to the amount of amines (N) of PAMAM 

and phosphates (P) of DNA were combined in PBS and incubates at 37oC for 30 minutes 

to facilitate binding. The samples were combined with loading dye and added to a 2% 

agarose gel and subjected to 72 volts for 1 hour.  

EMSA with heparin sulfate (HS) to measure the extent of DNA displacement 

from the polymer were performed using the same procedure as above. Each sample 

contains the addition of HS as noted in the figure (total units).  
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7.2.4 Cellular cytotoxicity assays 

Murine macrophage cells (RAW 247.6) in DMEM media were seeded in a 96-well 

microtiter plate at 37oC overnight to begin assaying polymer cytotoxicity. Length of 

incubation was time was considered when seeding the cells: 10,000 cells/well for the 24 

hour time point, 7,000 cells/well for the 48 hour time point, and 5,000 cells/well for the 72 

hour time point at 100 µL/well. Varying concentration of PAMAM-G3 and PAMSMB 

were added to each well such that the total volume of the well was 200 µL. Cells were 

incubated with 0.1% Triton-X as a positive control for cell death and cells alone were the 

negative controls.  

 Cell viability was determined using the Cell-TiterGlo (Promega Ca# G7570) 

luminescent assay, which measures the amount of ATP that correlates with a 

luminescent signal. All signals were normalized to negative control (media only) for % 

viability. Each data point corresponds to n=12 wells, center is determined by the mean ± 

SD, and this experiment was repeated twice.  

 

7.2.5 TLR reporter cell assays 

In order to determine the extent of TLR activation by several DAMP sources and 

the efficiency of PAMAM mediated DAMP scavenging HEK-blue TLR reporter cells 

were used (Invivogen). These cells overexpress a specific TLR by 20-fold according to 
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manufacturer specifications, which also outlines the aspects of quantification. TLR 

reporter cells were seeded at 50,000 cells/well unless otherwise described in each figure 

at 37oC overnight. Figure 43 outlines the aspects of the assay and several conditions. For 

positive controls, homogenous solutions of TLR ligand are added to the cells. Data 

corresponds to n=6 wells and center is determined by the mean ± SD. Each experiment 

was repeated in triplicate.  

 

7.2.6 Displacement of polymer bound DNA and proteins 

HS was used to displace DNA that was bound to the polymer in EMSA studies 

and the initial studies using PAMSMB as a scavenging agent. For preliminary 

proteomics analysis of PAMSMB bound proteins from pancreatic cancer (PC) 

conditioned media, HS was incubated with the PAMSMB – streptavidin coated magnetic 

bead complex to facilitate dissociation. LC/MS was performed for the initial protein 

identification. In later studies analyzing the proteins from PC patient serum, the 

PAMSMB-bead complex was combined with sample buffer (Bio-Rad Ca# 1610747), 2-

mercaptoethanol and heated to 100oC and subjected to a magnetic field. The resultant 

supernatant was removed and used for LC/MS analysis.  
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7.2.7 Confocal microscopy  

Murine macrophages (RAW 264.7) were added to 8-well chamber slides (LabTek 

2 Ca # 155409) at 3,000 cells/well and incubate at 37oC overnight. PAMSM-AF488 was 

added to the cells and incubated for 1 hour at 37oC in initial studies or overnight for 

representative images, followed by several washes with PBS. Plasma membrane stain 

(Deep red Plasma Membrane Stain, Thermo Fisher Ca# C10046) and nuclear stain 

(Hoechst 3342, Thermo Fisher Ca# H3570), were added to the wells and incubated for 20 

min at 37oC. The cells were than fixed with 4% formaldehyde for 15 minutes at room 

temperature, and washed 5 times with PBS. The cells were then mounted with 

Fluoromount G (Thermo Fisher Ca# 00-4958-02. The cells were imaged with Leica 

Upright SP5 confocal microscope with assistance from the Duke Microscopy Core.    

 

7.2.8 Flow cytometry  

The staining and fixing protocol for confocal microscopy was also used for flow 

cytometry, with cells in suspension as opposed to attached cells. PAMSM-AF488 was 

incubated overnight with murine macrophages (RAW 254.7) and trypsin was used for 

cellular dissociation as well as washed with heparin sulfate (HS) for PAMAM removal 

from the cell membrane. Cells were suspended in 1% BSA-PBS flow cytometry analysis.  
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8. Conclusions  

Although therapeutics have advanced in recent years, the formulation of 

therapeutics can engender deleterious outcomes, as exemplified in the chapters 

highlighting anti-PEG antibody mediated inhibition of a PEGylated aptamer. In an 

attempt to functionalize an anticoagulant RNA aptamer designed by our laboratory, a 40 

kDa mPEG was attached, resulting in a prolonged half-life and improved 

pharmacodynamics. To our surprise, we found that some patients experienced severe 

adverse reactions to the intravenously administered PEGylated RNA aptamer most 

likely associated with elevated levels of pre-existing anti-PEG antibodies. We 

demonstrate that anti-PEG antibodies, either monoclonals or from patients, are capable 

of recognizing a PEGylated aptamer and limit the therapeutic potency as demonstrated 

by reduced antithrombotic / anticoagulant activity in vitro and in vivo. The inhibition is 

likely due to steric hinderance as demonstrated by reduced aptamer target binding in 

the presence of anti-PEG antibodies. In addition, such antibodies arise readily as we 

detect anti-PEG antibodies in rhesus monkeys after a single administration of PEGylated 

aptamer RB006 in a cohort of animals who had little to no detectable antibodies prior to 

exposure to the therapy.  

By repurposing gene delivery agents we have evidence suggesting that PAMAM 

administration is capable of ameliorating several diseases as demonstrated in many 

animal models. More recently, we have shown that intraperitoneal injections of 
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PAMAM-G3 results in reduced metastasis in a syngeneic mouse model of pancreatic 

cancer tumor invasion.  We hypothesize that the cationic polymer is capable of 

scavenging damage associated molecular patterns, thereby reducing aberrant 

inflammation. These molecules have been associated with the enhancement of disease. 

Moreover, other investigators have shown that the reduction of circulating nucleic acids 

results in reduced cancer metastasis, which corroborate our findings. However, in order 

to definitively test this hypothesis and for therapeutic formulation, the mechanism of 

action behind PAMAM must be deciphered. To that end, we have synthesized PAMAM 

derivates PAMSMB and PAMSM-AF488, conjugated to biotin or a fluorophore, 

respectively. These conjugates lay a foundation for us to identify components that are 

bound by the polymer and to determine the localization of the polymer inside cells. 

Although, further experiments are required to refine the approaches outlined in the 

results chapters, the data outlined herein highlight the importance of PAMSMB and 

PAMSM-AF488 in determining the mechanisms of action behind PAMAM mediated 

anti-inflammatory properties and disease amelioration.   
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