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Anti-PEG antibodies inhibit the anticoagulant activity of 
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2.Department of Surgery, Duke University, Durham, NC, USA

3.Department of Medicine, Duke University Medical Center, Durham, NC, USA

4.Duke Clinical and Translational Science Institute, Durham, NC, USA
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Summary:

Biopharmaceuticals have become increasingly attractive therapeutic agents and are often 

PEGylated to enhance their pharmacokinetics and reduce their immunogenicity. However, recent 

human clinical trials have demonstrated that administration of PEGylated compounds can evoke 

anti-PEG antibodies. Considering the ubiquity of PEG in commercial products and the presence of 

pre-existing anti-PEG antibodies in patients in large clinical trials evaluating a PEG-modified 

aptamer, we investigated how anti-PEG antibodies effect the therapeutic activities of PEGylated 

RNA aptamers. We demonstrate that anti-PEG antibodies can directly bind to and inhibit 

anticoagulant aptamer function in vitro and in vivo. Moreover, in parallel studies we detected the 

presence of anti-PEG antibodies in nonhuman primates after a single administration of a 

PEGylated aptamer. Our results suggest that anti-PEG antibodies can limit the activity of 

PEGylated drugs and potentially compromise the activity of otherwise effective therapeutic agents.

Graphical Abstract

*Contact Info: Corresponding Author and Lead Contact: bruce.sullenger@duke.edu.
Author Contributions:
Conceptualization, A.M., and B.A.S.; Methodology, A.M., N.G., J.L., and G.A.P.; Investigation, A.M., A.F.T., and G.A.P.; Resources, 
N.G., M.H., A.F.T. and B.A.S.; Writing - Original Draft, A.M., and B.A.S.; Writing - Review and Editing, A.M., B.A.S., A.F.T.; 
Visualization, A.M.; Supervision, J.L., G.A.P., N.G., M.H., and B.A.S.; Funding Acquisition, B.A.S. and A.F.T.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interests:
The authors have declared no conflict of interest exists. However, Duke University has submitted patent applications on the 
anticoagulant aptamers.

HHS Public Access
Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2020 May 16.

Published in final edited form as:
Cell Chem Biol. 2019 May 16; 26(5): 634–644.e3. doi:10.1016/j.chembiol.2019.02.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eTOC

The most common approach for pharmacokinetic enhancement of biologically inspired therapies 

is PEGylation; however, possible limitations of this formulation strategy have arisen. Here, we 

describe how anti-PEG antibodies can inhibit therapeutically efficacy of a PEGylated RNA 

aptamer. These findings further highlight emerging issues between the immune system and 

PEGylated therapeutics.

Keywords

Aptamer; PEG (polyethylene glycol); PEGylation; hypersensitivity; anti-PEG antibodies; 
REGULATE-PCI; RB006; ELISA (enzyme-linked immunosorbent assay); aPTT (activated partial 
thromboplastin time); rhesus monkeys

Introduction

Macromolecular drugs can offer substantial advantages over small molecular therapies due 

to their pronounced specificity and prolonged potency. Though these novel agents are 

promising; however, their clinical utility is often limited by their short circulating half-life. 

Of the nearly 900 bioactive compounds in the drug development pipeline (Mitragotri et al., 

2014) many require conjugation to carrier molecules to overcome this shortcoming. One of 

the most common formulation strategies employed to date, utilizes polytheylene glycol 

(PEG) in a process known as PEGylation (Harris and Chess, 2003). Since its discovery in 

1972, PEGylation is a common and successful approach for pharmacokinetic (PK) 

enhancement. Sixteen PEGylated therapies have been approved by the Food and Drug 

Administration (FDA), with 75 active trials with PEG-containing interventions underway 

(McSweeney et al., 2018; Swierczewska et al., 2015; Veronese and Pasut, 2005). These 

drugs have been in clinical use for nearly three decades starting with the first PEGylated 

protein therapy, Adagen®, which is used to treat severe combined immunodeficiency 
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syndrome (Hershfield et al., 1987). PEG immunogenicity was first reported in 1983 by 

Richter and Ackerblom where the administration of a PEGylated protein produced anti-PEG 

antibodies in rabbits (Richter and Akerblom, 1983). However, we are just now beginning to 

understand the impact PEG may have on the immune system and more specifically how anti-

PEG antibodies may impact the efficacy of PEGylated therapies.

While proteins are the most common agents modified with PEG, PEGylation has also been 

used for oligonucleotide therapies. A PEGylated aptamer, Macugen, has received FDA 

approval (Querques et al., 2009), and PEGylation was used to functionalize pegnivacogen 

(or RB006), a novel fast acting and rapidly reversible anticoagulant RNA aptamer targeting 

coagulation Factor IXa (FIXa) (Dyke et al., 2006) originally generated in our laboratory 

(Rusconi et al., 2002). After promising results in early clinical trials (Aberle et al., 2010; 

Chan et al., 2008; Dyke et al., 2006; Povsic et al., 2011), pegnivacogen was evaluated in 

large Phase 2b RADAR and Phase 3 REGULATE - PCI clinical trials (Cohen et al., 2010; 

Lincoff et al., 2016; Povsic et al., 2013). Unexpectedly, both of these large clinical studies 

had to be prematurely terminated due to serious adverse events (SAEs) that occurred in 0.6% 

of patients within minutes of the first exposure to pegnivacogen. Blinded analysis of pre-

treatment samples from approximately 350 RADAR patients identified high levels of pre-

existing IgG anti-PEG antibodies in those who experienced severe allergic reactions 

(Ganson et al., 2016). These findings were subsequently confirmed in the larger Phase 3 

REGULATE trial (Povsic et al., 2016). In the present study, we employed our anticoagulant 

aptamer platform to better characterize the interactions between anti-PEG antibodies and 

PEGylated aptamers. Our findings shed additional light on the potential downside of PEG 

formulations and inform the future development of both oligonucleotide and protein-based 

therapeutics.

PEGs are hydrophilic polymers of differing sizes consisting of (-CH2-CH2-O-) in repeating 

units that are common in medical and commercial products (Wenande et al., 2015; Yamasuji 

et al., 2013). PEGylated compounds exhibit reduced renal clearance, which is predicated on 

inhibiting the adsorption of proteins (Zhang et al., 2016). PEG reduces protein adsorption 

by: 1) forming a hydration layer between water molecules which allow for stable hydrogen 

bonding, 2) maintaining flexibility in aqueous solutions, and 3) increasing the hydrodynamic 

size of conjugated compounds. Therefore, therapies that contain PEG have an increased 

circulation time and enhanced pharmacodynamic properties. These beneficial mechanisms 

underscore the reason for the pervasiveness of PEG in medicaments and everyday products.

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 studies with 

PEGylated bovine serum albumin (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 
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well as currently approved compounds. These emerging concerns are due, in part, to the 

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

evaluating a PEGylated RNA aptamer against FIXa. These results exemplify a scenario 

where patient safety and drug efficacy can be deleteriously impacted by existing anti-PEG 

antibodies. Such concerns are not exclusive to aptamers because they can theoretically occur 

with any PEGylated compound.

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

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

(Nimjee et al., 2017). The concept of aptamers emerged in the 1980’s from the study of HIV 

where virally encoded RNAs were discovered to bind viral and cellular proteins with 

profound affinity and specificity (Cullen and Greene, 1989; Marciniak et al., 1990b). 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). This observation was the impetus to begin testing if RNA ligands 

could inhibit viral replication and be applicable to translational research (Sullenger et al., 

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

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

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

(Ellington and Szostak, 1990; Tuerk and Gold, 1990). In addition to having high 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 proteins in the coagulation cascade, a critical pathway that must 

be controlled during most surgical procedures (Cohen et al., 2010; Sullenger and Nair, 

2016).

One such RNA aptamer, RB006 conjugated to a 40 kDa methoxy PEG (mPEG) targets 

coagulation FIX/IXa and exhibits potent anticoagulant activity by binding to an exosite on 

FIXa with ~3 nM affinity (Dyke et al., 2006). This binding inhibits the cleavage of FX to 

FXa which is a critical event involved in clot formation (Sullenger et al., 2012). 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) to tightly control blood coagulation (Povsic et al., 2016; Povsic et al., 

2013). Phase 1 and 2a clinical trials demonstrated encouraging results. However, in a Phase 

3 study, following a single intravenous bolus infusion of pegnivacogen (1 mg/kg), 0.6% of 

the patients (10 out of 1,605) experienced a SAE, resulting in 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 apparently due to high levels of pre-existing anti-PEG antibodies. 

The REGULATE-PCI trial joins a growing number of studies that highlight how anti-PEG 

antibodies can impact patient safety and as demonstrated here, therapeutic efficacy (Fix et 

al., 2018; Judge et al., 2006).
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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 injections of pegloticase, administered by both subcutaneous 

and intravenous routes, induced anti-PEG antibodies in about 40% of 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 induced higher levels of anti-PEG antibodies 

(Hershfield et al., 2014).

In contrast to this study, the REGULATE-PCI trial illuminated a different issue where pre-

existing anti-PEG antibodies were the apparent cause of anaphylactoid responses. Unlike 

other anti-drug antibodies, IgMs and IgGs to PEG can be found in patients who have 

seemingly never been exposed to a particular drug that has been PEGylated. This 

observation is particularly relevant in today’s world where upwards of 70% of the general 

public have anti-PEG antibodies compared to 0.2% two decades ago (Richter and Akerblom, 

1984; Yang et al., 2016). The advancement of diagnostic techniques to some degree may 

explain this increase in percentage, but nevertheless, given the pervasiveness of PEG in 

everyday life and the cautionary tale of the REGULATE-PCI trial, a more detailed 

investigation of the impact of pre-existing anti-PEG antibodies is warranted. In this study, 

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

that was evaluated 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, 

and provide important insights into the complex interplay between the immune system and 

PEGylated compounds for future therapeutic development.

Results

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 1a) 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 previous findings. These antibodies recognize two 

therapeutic PEGylated aptamers, RB006 and Macugen as well as two PEGylated proteins 
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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 1b). See 

Star Methods for materials, methods, and experimental design for all results herein.

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 1c, 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 2a, 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 (Figure 2b). These data demonstrate that anti-

PEG antibodies exclusively bind PEGylated compounds including aptamer RB006 but not 

the unPEGylated version RB005.

The presence of anti-PEG antibody reduces aptamer binding to 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 3, the SPR competition studies revealed 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 concentration dependent. 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.

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 
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activated partial thromboplastin time (aPTT), which is routinely employed to monitor FIXa 

activity. A dose titration curve was generated to quantify RB006-mediated clot-time 

extension (Figure 4a). 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 4b, 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 4c).

Antithrombotic and anticoagulant 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 5a). As shown in Figure 5b, 

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 5c, we observed that the presence of circulating anti-PEG 

antibodies in mice dramatically limits the antithrombotic activity of the FIXa 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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After a single injection of PEGylated aptamer anti-PEG antibodies can be detected in 
rhesus monkeys

Up to this point we 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 and if the administration of a PEGylated aptamer could 

generate anti-PEG antibodies. We explored these questions using the rhesus monkey model 

system. An ELISA was used to determine if a group of 73 healthy wild-type rhesus monkeys 

(35 males and 38 females) 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 had never received any 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%) 

(Figure S1).

To further explore PEG antigenicity and immunogenicity in the nonhuman primate model, 

18 young rhesus monkeys selected from above that did not contain detectable anti-PEG IgGs 

were administered RB006 either subcutaneously (N=9) or intravenously (N=9) 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 rhesus monkeys were selected from 

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 that was initially screened (N=73). 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 1). 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 6). 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 was greater than two standard deviations from the mean of all pre-

absorbance values. One animal (#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 S2). 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.

Discussion

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. 

Moreno et al. Page 8

Cell Chem Biol. Author manuscript; available in PMC 2020 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Moreover, 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 appreciated and 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 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. 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 other 

PEGylated 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 extrapolate numerical inferences about anti-PEG IgG levels and 

PEGylated drug inhibition in vivo. The amount of anti-PEG IgG that was administered 

during 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 patient samples that were enrolled in the Krystexxa trial and a 

murine anti-PEG antibody to determine if they can recognize the PEGylated aptamer 
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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 such studies, 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 with the parent aptamer sequence 9.3t having a Kd = 

0.58 ± 0.1 nM and the PEGylated version with a Kd = 2.83 (± 0.4 nM) (Rusconi et al., 2004; 

Rusconi et al., 2002). The anti-PEG IgG 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 antibody binding to polyvalent antigens such as large, branched 

PEGs. This possibility is supported by SPR binding data that illustrates the extent of reduced 

aptamer binding to its target FIXa 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 would 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. Finally, IgGs have been shown to bind two different antigens 

and link them forming a chain which 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 FIXa. Finally, although not directly 

addressed herein, we would anticipate that anti-PEG IgMs would be even more effective at 

sterically interfering with PEGylated drug activity.

Somewhat surprisingly, we detected the presence of anti-PEG IgG in rhesus monkeys 

following only a single subcutaneous or intravenous injection of PEGylated aptamer RB006. 

Therefore, although aptamers are attractive novel therapeutics with numerous exciting 

emerging applications including as anticoagulants (Drolet et al., 2016; Gunaratne et al., 

2018; Hirota et al., 2016; Nimjee et al., 2009; Nimjee et al., 2017; Powell Gray et al., 2018; 

Ramos et al., 2015; Sullenger and Nair, 2016; Woodruff et al., 2013; 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 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 
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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; 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 that do 

not. 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 even 

more challenging. Despite the advances in biopharmaceutical therapies, a disconnect 

remains between translating drugs from the laboratory bench to 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.

Significance

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. 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.
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Star Methods:

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the 

corresponding author Bruce A. Sullenger (bruce.sullenger@duke.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Mice—Experiments were approved by the Duke Institutional Animal Care and Use 

Committee and performed in accordance with NIH guidelines. Wild-type female C57BL/6J 

mice ages 7 – 13 weeks were used for in vivo thrombosis studies, mice were anesthetized 

and temperature was measured for the duration of the study. All mice were housed in 

accordance to standard operating protocols.

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. Healthy, wild-

type young rhesus monkeys (35 males and 38 females) housed according to standardized 

protocols (see below) were included in the study. 18 healthy young rhesus monkeys selected 

from the 73 above (10 females and 8 males) were used in the second rhesus monkey study 

and were housed according to standardizes and approved protocols.

METHOD DETAILS

Synthesis of RB006—RB006, a 31 nucleotide 2’ modified RNA aptamer conjugated to 

40 kDa methoxy polyethylene glycol (Figure 1a), 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 65°C for 5 minutes to unfold and 5 minutes 

at room temperature (RT) for re-folding.

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 4°C. 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, 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 
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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 rhesus monkey 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. Rhesus monkey plasma was diluted 1:10 in 

B-PBS and incubated for 2 hours at RT, following 4 plate washes with B-PBS. Rhesus 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 referenced to plate blank (buffer only), unless stated 

otherwise.

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 (identical concentration to indirect ELISA) in 

PBS overnight at 4°C. 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 4°C. 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 the ELISA procedure.

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 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 
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coupling the surface was inactivated with 1 M ethanolamine hydrochloride-NaOH (pH 8.5) 

for 12 minutes.

Binding experiments were performed at 37°C 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 37°C in the sample 

compartment. The resultant binding curves are reference subtracted where the flow cell 2 

sensorgram values were subtracted from the sensogram 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 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 reversal agents for the aptamer at 

least at the high concentrations utilized in such SPR studies.

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 37°C. 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.

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 1×2 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.

Rhesus monkey study—Blood samples were collected from a peripheral vessel in 

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) 

Moreno et al. Page 14

Cell Chem Biol. Author manuscript; available in PMC 2020 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



under aseptic conditions. Samples were collected from a peripheral vessel as noted in Table 

1, and plasma was obtained, frozen in aliquots, then used for indirect anti-PEG 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.

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.

DATA AND SOFTWARE AVAILABILITY

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Anti-PEG antibodies bind to PEGylated RNA aptamer RB006

• Anti-PEG antibodies inhibit anticoagulant aptamer activity in vitro and in 
vivo

• After one administration of RB006 anti-PEG antibodies were found in rhesus 

monkeys
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Figure 1- PEGylated aptamers are recognized by anti-PEG IgGs in patient plasma
(a) Schematic representation of the PEGylated RNA aptamer RB006.

(b) Indirect ELISA demonstrates that plasma from anti-PEG IgG positive patients (blue) 

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 
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for anti-PEG IgGs (grey) did not detect any of the PEGylated compounds. Data represent the 

mean ± SD of technical triplicates. *** denotes p-value < 0.001, using a t-test against (−) 

PEG plasma.

(c) Competition ELISA demonstrates 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 2- PEGylated aptamers are recognized by monoclonal anti-PEG IgGs
(a) 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.

(b) Competition ELISA demonstrates that monoclonal anti-PEG IgGs bind to PEGylated 

aptamer RB006 (blue) with more affinity than to unPEGylated control aptamer RB005 (red). 
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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 3- Aptamer target binding is inhibited in the presence of anti-PEG antibody
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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Figure 4- Aptamer function is inhibited in the presence of anti-PEG antibodies in vitro
(a) 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. A max clotting time of 

~125 seconds is observed, 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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(b) 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) pooled from triplicate experiments. *** denotes p-value < 0.001, 

using t-test against aptamer only (1:0) (black).

(c) 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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Figure 5- Anticoagulant aptamer activity is inhibited in the presence of anti-PEG antibodies in 
vivo
(a) Schematic represents the murine model of thrombosis used to analyze the 

antithrombotic / anticoagulant 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.
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(b) Increasing concentrations of PEGylated RB006 (green, red, blue) demonstrate the 

antithrombotic activity compared to buffer control (grey) in the murine model of thrombosis. 

Data represent the mean ± SEM of technical replicates as described in the figure legend.

(c) 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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Figure 6- Anti-PEG antibodies can be detected in rhesus plasma after a single administration of 
RB006
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 

healthy 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 1. The animals 

selected and their numbers are from the original numerical designation in Figure S1. 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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Table 1-

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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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-human IgG-HRP Abcam Ca# 6864

Rabbit anti-monkey IgG-HRP Sigma-Aldrich Ca# 2054

Mouse anti-PEG Life Diagnostics Ca# ID9-6

Bacterial and Virus Strains

Biological Samples

Rhesus monkey plasma Tarantal, UC Davis N/A

Human plasma samples Duke University; 
Department of Medicine

N/A

Pooled normal human plasma George King Biomedical Ca# 0010-1

Chemicals, Peptides, and Recombinant Proteins

Human Factor IXa Haematologic Technologies Ca# HCIXA-0050

Adenosine deaminase bovine (ADA) Sigma-Aldrich A5168; CAS: 9026-93-1

ADAGEN (pegademase bovine) Lediant Biosciences http://www.adagen.com/pdf/
AdagenPI.pdf

Macugen (pegaptanib) Bausch and Lomb http://www.bausch.com/Portals/
69/-/m/BL/United%20States/USFiles/
Package%20Inserts/Pharma/macugen-
package-insert.pdf

Critical Commercial Assays

TriniCLOT aPTT S Tcoag Ireland Limited Ca# T1201

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: C57/BL/6J Jackson Laboratories JAX: 000664

Oligonucleotides

PEGylated RNA aptamer RB006 sequence: 40 kDa mPEG-
GUGGAcuAuAccGcGuAAuGcU(G)CcuCCACidT: (uppercase-2’ F, 
lowercase-2’O Methyl, ()-unmodified)

Dyke et al., 2006 N/A

UnPEGylated RNA aptamer RB005 sequence: 
GUGGAcuAuAccGcGuAAuGcU(G)CcuCCAC-idT: (uppercase-2’ F, 
lowercase-2’O Methyl, ()-unmodified)

Dyke et al., 2006 N/A

Recombinant DNA

Software and Algorithms

Biacore T200 control software GE Healthcare - Life 
Sciences

Ca# 29148695

T200 evaluation software GE Healthcare - Life 
Sciences

Ca# BR-1005-97

LabChart v8.1.10 Mac ADInstruments https://www.adinstruments.com/
support/downloads/mac/labchart

Other

PEG-BSA coated plates Life Diagnostics Ca# PBS-01

Transonic flow probe Transonic Ca# MA0.5PSB
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biacore T200 instrument GE Healthcare - Life 
Sciences

Ca# 28975001

CM5 sensor chip GE Healthcare - Life 
Sciences

Ca# BR-100012
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