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ABSTRACT 

 

Anne M. Talkington: A Physiologically-Based, Pharmacokinetic Model for the Clearance of 

PEGylated Nanomedicines  

(Under the direction of M. Gregory Forest and Samuel K. Lai) 

 

 

Physiologically-based pharmacokinetic (PBPK) models are valuable for conducting 

large-scale in silico experiments to assist in various stages of drug development, including 

determining optimal dosing strategies, modifying these strategies for special populations, or 

testing different applications for therapeutics.  In doing so, PBPK serves as an alternative for 

time-consuming, costly, and potentially unethical in vivo experiments or clinical trials: it can be 

used to predict and optimize the success of proposed treatments using known (well-determined 

physiologically) or learned (through experiments or data-driven analyses) kinetics of the system 

mimicking complex human physiology.  In turn, PBPK modeling can enable more efficient 

design and optimization of in vivo experiments, thus accelerating pre-clinical screening and 

development of therapeutics.  In this thesis, I discuss the application of PBPK modeling to an 

important problem in the medical community – the accelerated clearance of PEGylated drugs in 

the presence of anti-PEG antibodies (APA).  For example, Krystexxa, a PEGylated uricase used 

to treat severe chronic gout, is ineffective in approximately half of patients, and 5% of the 

patients experience severe hypersensitivity, including anaphylaxis, as a result of APA.   

Here I present a multi-compartment PBPK model to accurately predict the biodistribution 

and clearance behavior of PEGylated liposomal drug carriers, and validate the model predictions 

against drug biodistribution data obtained via PET/CT technology.  I then analyze the model to 
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identify mechanistic behaviors underlying APA-mediated accelerated clearance using parameter 

estimation and optimization techniques, namely Latin Hypercube Sampling.  Finally, I 

demonstrate that pre-injection with a high molecular weight free PEG effectively restores plasma 

Krystexxa levels to a naïve-like biodistribution in mice with clinical levels of APA, suggesting a 

potential strategy for mitigating the accelerated blood clearance (ABC) effect in the clinic. In 

considering such a translation, PBPK modeling is a powerful tool that holds the potential to 

suggest further optimization of our strategy to mitigate ABC. 
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PREFACE 

 

In this dissertation, I present a body of work on the biodistribution patterns of PEGylated 

nanomedicines, which I explore both experimentally and computationally. First, I present a 

multi-compartment physiologically-based pharmacokinetic (PBPK) model for PEGylated 

liposomes (PL) and how anti-PEG antibodies (APA) alter the biodistribution and PK profile of 

PEGylated liposomal drugs.  APA are responsible for the accelerated clearance of drug from the 

bloodstream.  The model recapitulates and predicts this accelerated blood clearance (ABC) 

behavior at both short (1 hour of high temporal resolution) and long timescales (96h).  These 

predictions have been validated against continuous-scan PET/CT data in cohorts of APA-

sensitized and naïve mice. 

I then present an analysis of the 8-compartment PBPK model, in which I demonstrate the 

use of parameter estimation and optimization techniques to explore the parameter space for 

values that have not been well-documented.  Implementing a Latin Hypercube Sampling 

algorithm reveals uncertainty and variability in parameter space, which indicates which 

parameters in the model are most responsible for the clearance behavior of the PL.  Leveraging 

this knowledge, we can begin to understand the primary mechanisms responsible for ABC at a 

level we are unable to investigate experimentally.  Namely, we identify and quantify increased 

liver retention of PL, which occurs when APA bind to Fc receptors in the liver.  Increased 

retention in the spleen is significantly involved as a secondary mechanism.  No changes to 

extravasation, or tissue permeability, were detected between the naïve and APA+ cohorts. 
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Finally, given the experimental data and PBPK model-based analysis of ABC, I propose 

and test a method to mitigate the effect.  Building off of promising results from previous studies 

in our lab, I tested a pre-injection of high molecular weight (MW) free PEG prior to a second 

dose in mice sensitized to Krystexxa, a PEGylated uricase.  The results of this study demonstrate 

the potential to alleviate APA-mediated clearance.  Mice with low APA titers saw full or near 

full recovery of the area under the curve (AUC) in the plasma at 96h, and even moderate to high 

APA levels saw 3-fold increase in plasma AUC at 96h relative to mice that did not receive the 

PEG intervention.  This suggests the ability to significantly increase the circulation time of 

PEGylated therapeutics in the presence of APA. 

Together, this work suggests a deeper mechanistic understanding and possible 

mechanisms for alleviating ABC as a result of APA.  Furthermore, our PBPK model has 

demonstrated its potential as a predictive tool in developing drugs and response to anti-drug 

antibodies. 

This dissertation contains preprints of work that have been submitted to the Bulletin of 

Mathematical Biology, regarding the parameterization of PBPK models, and the Journal of 

Controlled Release, regarding the development of PBPK models for PEGylated nanomedicines 

and free PEG intervention.  Funding for the work presented in each chapter is as follows: 
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CHAPTER 1: A PBPK MODEL THAT RECAPITULATES ANTI-PEG ANTIBODY-

MEDIATED ACCELERATED BLOOD CLERANCE OF PEGYLATED 

NANOMEDICINES IN VIVO1 

Summary 

PEGylation is routinely used to extend the systemic circulation of various protein 

therapeutics and nanomedicines.  Nonetheless, mounting evidence is emerging that individuals 

exposed to select PEGylated therapeutics can develop antibodies specifically to PEG, i.e., anti-

PEG antibodies (APA).  In turn, APA increase both the risk of hypersensitivity to the drug as 

well as potential loss of efficacy due to accelerated blood clearance of the drug.  Despite the 

broad implications of APA, the temporal dynamics with which APA can alter the 

pharmacokinetics and biodistribution of PEGylated drugs remain not well understood.  Here, we 

report a physiologically based pharmacokinetic (PBPK) model that resolves both early- and late- 

phase pharmacokinetics and biodistribution of intravenously administered PEG-liposomes in the 

liver, spleen, lung, muscle, and kidney of mice with APA. The model accurately recapitulates PK 

and biodistribution data obtained from PET/CT imaging of radiolabeled PEG-liposomes. This 

PBPK model is readily adaptable to describe antibody-mediated clearance of other drugs, 

particles, and viruses, providing a powerful tool for predicting the pharmacokinetic impacts of 

anti-drug antibodies and the temporal dynamics with which antibodies can mediate clearance of 

foreign entities. 

 
1 This chapter is adapted from a preprint of an article submitted to the Journal of Controlled Release. The original 

citation is as follows: 

Talkington A.M., McSweeney M.D., Wessler T., Rath M.K., Li Z., Zhang T., Yuan H., Frank J.E., Forest M.G., Cao 

Y., Lai S.K. “A PBPK model that recapitulates anti-PEG antibody-mediated accelerated blood clearance of 

PEGylated nanomedicines in vivo,” Journal of Controlled Release (submitted). 



2 

Introduction 

Polyethylene glycol (PEG) is an uncharged, hydrophilic polymer routinely used to 

increase the circulation time and decrease the immunogenicity of therapeutic drugs, especially 

highly immunogenic drugs that are susceptible to induction of anti-drug antibodies (ADA) [1]. 

The hydrophilicity of PEG increases the aqueous solubility of hydrophobic drugs, thereby 

improving stability and reducing aggregation [2-6]. In addition, the highly flexible nature of PEG 

sterically hinders the adsorption of opsonic proteins and other blood components, diminishes 

interactions with the immune system, increases hydrodynamic diameter, and reduces enzymatic 

degradation [3, 7]. The resulting ‘stealth’ effect greatly prolongs the systemic pharmacokinetic 

(PK) profiles of PEGylated therapeutics, sparing millions of patients from daily or weekly 

injections.   

Unfortunately, over the past 15 years, it is increasingly shown that some patients can 

produce high titers of antibodies directed to PEG itself [8], a phenomenon likely enhanced by the 

immunogenicity of the underlying drug [9, 10].  We previously found detectible levels of anti-

PEG antibodies (APA) in nearly 70% of blood samples from the general population [11], with 

the vast majority of subjects possessing an IgG isotype that implies the presence of immune 

memory and the possibility of rapid induction of APA.  This is consistent with clinical 

observations that showed a sizable fraction of patients could develop APA when exposed to 

select PEGylated drugs.  For instance, roughly one-third of pediatric acute lymphoblastic 

leukemia (ALL) patients developed APA that quickly eliminated Oncospar (PEG-asparaginase) 

from the circulation [12].  The incidence rate increases to nearly half of the patients treated with 

Krystexxa (PEG-uricase) [13-15], and can be even higher (as high as 100%) in patients treated 

with Palynziq (PEGylated phenylalanine ammonia lyase, or PEG-PAL) [16]. At sufficient titers, 
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APA can mediate accelerated blood clearance (ABC) of PEGylated drugs [17-23], likely by 

uptake of APA immune complexes by Kupffer cells and liver sinusoidal endothelial cells 

(LSEC) [20, 24].  APA also increases the frequency of hypersensitivity to PEGylated 

therapeutics [25, 26], as reflected by a range of allergic reactions, including anaphylactic shock, 

to pegloticase [27, 28], pegnivacogin [29], and PEG-containing products such as osmotic 

laxatives and cosmetic products [30].  More recently, APA is implicated in an allergic response 

to the Pfizer/BioNTec mRNA vaccines for SARS-CoV-2, due to the inclusion of PEG-lipids in 

its formulation [31, 32].  Despite the important implications of APA, the relationship between 

the circulating APA titers and the resulting impact on PK and biodistribution has not been 

established with high temporal resolution in the context of PK modeling. 

Physiologically-based pharmacokinetic (PBPK) modeling is a powerful tool enabling a 

deeper understanding of the fate of drugs and drug carriers in complex biological environments. 

PBPK models can inform preclinical in vivo testing, and serve as a crucial tool to guide clinical 

evaluations as well as potential dosing regimens in special populations [33, 34]. Not surprisingly, 

PBPK models are routinely used to predict and interpret drug tissue distribution and clearance in 

various therapeutic areas, clinical scenarios, and patient populations [35, 36].  Many PBPK 

models recapitulating antibodies as biotherapeutics have been developed [37, 38]; however, 

fewer models exist that capture how endogenous ADA can alter the PK and biodistribution of the 

drugs.  Previously, we developed a 2-compartment minimal PBPK model that captures APA-

mediated accelerated blood clearance of PEG-liposomes (PL) [39, 40].  While useful in 

predicting the PK of PEGylated drugs over long timescales, the model was unable to reveal 

APA’s impact on either biodistribution or early phase clearance of PEGylated drugs.  In this 

work, we thus sought to develop a more comprehensive PBPK model that captures potential 
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APA-mediated clearance of PEGylated drugs to major organs (Figure 1.1). Leveraging high-

resolution PET/CT scans of radiolabeled PEG-liposomes performed immediately following 

dosing to PEG-sensitized vs. naïve animals, we were able to verify that our PBPK model can 

accurately recapitulate the systemic PK and biodistribution of PEG-liposomes to liver, spleen, 

lung, kidney, and muscle in naïve and APA+ mice with high temporal resolution.    

 

Figure 1.1. Schematic of the Model. (A) Schematic diagram of the PBPK model. (B) 

Illustration of PK within each organ compartment. 
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Materials & Methods 

Production of empty PEG-liposomes (PL) for APA-induction  

The PL used for induction were composed of phosphatidylcholine, cholesterol, and 

methoxy-PEG 2000 DSPE at a molar ratio of 39:56:5 [41].  The lipids were dissolved in a 2:1 

chloroform: methanol solution in a glass vial, and evaporated with nitrogen gas to form a thin 

film. This film was desiccated overnight. The following day, PBS heated to 50 oC was added to 

the vial, which was sonicated at 15 30-second intervals.  The liposomes in PBS solution were 

then extruded 9 times each at a controlled temperature of 50 oC through 400 nm and 100 nm 

filters.  The liposomes were characterized with a Malvern Zetasizer Nano ZS (Malvern 

Instruments, Malvern, UK) via intensity PSD and confirmed to be 130 nm in diameter with PDI 

< 0.2. 

 

Induction of APA in immunocompetent BALB/c mice  

Female and male BALB/c mice (Charles River Labs) aged 4-5 weeks were used in this 

study.  Animal procedures used in this study were approved by the University of North Carolina 

at Chapel Hill Institutional Animal Care and Use Committee. All mice were housed in non-

sterile cages with constant access to food and water. To induce APA, mice were intravenously 

dosed with 150 µL (0.1 µmol lipids/kg bodyweight at 6 mL/kg) of PL in sterile PBS on Day 0, or 

7 days prior to PET/CT imaging studies; APA-naïve mice (negative control) received PBS alone.  

On Day 6, a mandibular bleed was performed on each mouse.  200 µL whole blood was 

transferred in EDTA tubes on ice.  The blood was centrifuged at 2000 rcf for 15 minutes to 

separate the plasma. Samples were stored at 4 oC prior to ELISA assay and moved to -80 oC for 
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long-term storage. IgG and IgM APA in the plasma were quantified via competition ELISA, 

following the methods described previously [40] (Table 1.1).   

 

Quantitation of APA titers  

We determined the concentration of IgG and IgM APA via competition ELISA, run in 

duplicate for reproducibility.  96-well plates (Corning Costar 3695) were coated with DSPE-

PEG5000 and stored overnight at 4 oC.  They were then blocked for 1 hour at room temperature 

with 5% milk in 1x PBS.  Plasma samples were diluted 50-fold and 400-fold in 1% milk, and 

tested in duplicate wells.  Competition wells consisted of plasma at 50- or 400- fold dilution in 

1% milk with 8 kDa PEG.  The standard curve consisted of serial dilutions of mouse anti-PEG 

IgG (Silver Lake, CH2076) and IgM (Academia Sinica, AGP4 (AGP4-PABM-A)).  After 

overnight incubation at 4 oC, goat anti-mouse IgG (Invitrogen, A28177, lot TG2596484) or IgM 

(ThermoFisher Life Technologies, 626820, lot QB215229) conjugated to HRP was added to the 

wells.  The plates were incubated for 1 hour at room temperature.  The color change was initiated 

by TMB and stopped with 1N HCl, and absorbance was measured at 450 and 570nm.  IgG and 

IgM concentrations were calculated based on 5-parameter logistic regression on the standard 

curve rows. The ELISA assays sensitively detected APA levels in excess of 0.6 µg/mL IgG and 

0.2 µg/mL IgM.  IgG and IgM APA below this level did not lead to appreciable accelerated 

blood clearance of PEG-liposomes [40]. 
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Preparation of radio-labeled PL for PET/CT imaging   

PL with terminal amine groups on its PEG chains were obtained from Encapsula 

NanoSciences, and comprised of Hydrogenated Soy Phosphatidylcholine: cholesterol: DSPE-

PEG(2000): DSPE-PEG(2000)-Amine at a molar ratio of 57:38:4:1 (lots IMS2007-08272019,  

IMS2007-04162019, and IMS2007-07212020).  The liposomes were radiolabeled with 64Cu 

chelated with DOTA or 89Zr chelated with Df (p-SCN-Bn-deferoxamine lot B70510004-150407) 

at 0.5% exposed amine groups [42]. Purification studies for the first scan group were conducted 

using a 30 kDa spin filter and produced 40-60% yield.  The signal of the product was still 

sufficient through 48h, far longer than the initial phase of interest for this study.  Purification for 

the second scan group was conducted using a PD-10 column and resulted in up to approximately 

90% yield, even after 24 hours. The stability of the labeling was approximately 90%.  

Purification for the third scan group resulted in approximately 67% yield with 24-hour stability 

of approximately 70%. 

 

PET/CT Imaging 

On day 7, mice underwent PET/CT imaging with radiolabeled PL. Naïve and APA+ mice 

(n=6 for each cohort) were imaged. The mice were scanned in three groups of four mice each, 

with n=2 from each cohort in each scan group (Table 1.2). Imaging was performed using a small 

animal PET/CT scanner (SuperArgus_4R, Sedecal, Inc. Spain). Mice were anesthetized with 

inhalation of 1.5%-2.5% isoflurane-oxygen gas mixture.  Radiolabeled PL (5~7 MBq, estimated 

~2.1 µmol of PL) was administrated through tail vein catheter, followed immediately by a 60 

min dynamic PET scan. CT was conducted for anatomical reference and attenuation correction. 

Repeated PET/CT imaging (~20 min of PET acquisition) was conducted at 3, 24, and 48 hours 
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post the injection of radiolabeled PL. After the final imaging, major organs were collected and 

weighed, and radioactivity was further measured using a gamma counter to verify PET/CT 

results.   

PET images were reconstructed using the 3D-OSEM algorithms with scatter, attenuation, 

and decay correction. Standardized uptake value (SUV) was calculated voxel-wise by 

normalizing the signal to the injection dose and animal body weight. Image analysis was 

conducted using PMOD software (version 3.9). Regions of interest (ROI) were delineated based 

on fused PET/CT images, and the uptake level of each ROI was reported in mean %ID/g.  

Table 1.1.  APA titer and weight for mice in study. 

Mouse # 51 52 56 57 545 546 547 548 974 981 984 982 

IgG APA 

(ug/mL) 
- 37 - 63 - - >100 33 - 16 - 30 

Total 

Weight (g) 
22.7 22 15.6 17.7 21.8 21.4 22.1 21 22.2 20.1 19.9 18 
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Table 1.2. Parameters fit to each mouse in the study. 

 Group 1 Group 2 Group 3 

Mouse 

# 
51 52 56 57 545 546 547 548 974 981 984 982 

𝑓𝑟𝑙𝑣𝑟 0.1131 0.0675 0.092 0.057 0.0992 0.0827 0.0592 0.0848 0.0998 0.093 0.0958 0.0665 

𝑓𝑟𝑘𝑑𝑛𝑦 0.1876 0.0851 0.1936 0.1081 0.1956 0.1787 0.2037 0.1994 0.1962 0.1327 0.1463 0.1371 

𝑓𝑟𝑠𝑝𝑙𝑛 0.0701 0.0998 0.0545 0.0504 0.0502 0.05 0.0527 0.0867 - - - - 

𝑓𝑟𝑚𝑢𝑠𝑐 0.0715 0.0107 0.0258 0.013 0.0399 0.0305 0.04 0.0351 0.0332 0.0311 0.0367 0.0341 

𝑓𝑟𝑙𝑢𝑛𝑔 0.1356 0.0501 0.1066 0.1056 0.0689 0.09 0.1917 0.0962 0.1406 0.1509 0.1545 0.1529 

𝑓𝑟𝑟𝑒𝑚 0.1481 0.0693 0.1958 0.0329 0.1028 0.1359 0.0402 0.1182 0.1258 0.1015 0.1237 0.0818 

𝐾𝑝𝑙𝑣𝑟  0.4419 2.5 0.4352 1.8686 0.5126 0.5048 2.7446 3.7439 0.7336 2.7909 0.62 2.7491 

𝐾𝑝𝑘𝑑𝑛𝑦 0.3081 0.3789 0.23 0.2302 0.2255 0.2119 0.3245 0.3532 0.16 0.3017 0.2022 0.35 

𝐾𝑝𝑠𝑝𝑙𝑛 0.4132 1.8672 0.45 0.6138 0.4843 0.43 1.0947 1.8447 - - - - 

𝐾𝑝𝑚𝑢𝑠𝑐 0.0314 0.0208 0.04 0.0135 0.0632 0.06 0.0297 0.0243 0.0131 0.0085 0.0139 0.0101 

𝐾𝑝𝑙𝑢𝑛𝑔 0.479 0.5213 0.3858 0.501 0.3953 0.3648 0.3327 0.6029 0.5896 0.467 0.5079 0.3583 

𝐾𝑝𝑟𝑒𝑚 0.0105 0.0107 0.009 0.0119 0.0113 0.0114 0.0101 0.01 0.0102 0.0113 0.0091 0.0097 

𝐶𝐿𝑝𝑙𝑎𝑠 0.0068 0.0059 0.0035 0.0113 0.0119 0.009 0.0125 0.002 0.0144 0.0216 0.018 0.0067 

 

PBPK Model 

A system of Ordinary Differential Equations (ODEs) was developed to describe the 

physiologically-based pharmacokinetic system (Figure 1.1, Eqns 1-8). Each organ was treated as 

a well-stirred compartment, and drug transfer from blood to tissue was assumed to follow Fick’s 

law of diffusion. A remainder compartment was considered to maintain the mass balance of 

drugs in the system. Tissue distribution rate was primarily restricted by liposomes’ vascular 

permeability due to their approximately 100 nm (80-130 nm) size. The average concentration vs. 

time profiles in each compartment were reported. As the liposomes were too large to reach the 

deep tissue cellular layers, the radioactivity signal primarily originated from the vascular and 

interstitial sub-compartments.  Transfer between compartments was driven by blood flow. The 
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amount of drug reaching and being retained by each organ was adjusted by perfusion and 

permeability coefficients.   

 

𝑑𝐷𝑟𝑢𝑔𝑝𝑙𝑎𝑠

𝑑𝑡
= 1/𝑉𝑝𝑙𝑎𝑠 ∙ (−𝐷𝑟𝑢𝑔𝑝𝑙𝑎𝑠 ∙ 𝐶𝐿𝑝𝑙𝑎𝑠) − 𝑄𝑡𝑙𝑢𝑛𝑔 ∙ 𝑓𝑟𝑙𝑢𝑛𝑔 ∙ 𝐷𝑟𝑢𝑔𝑝𝑙𝑎𝑠/𝑉𝑝𝑙𝑎𝑠

+ (𝑄𝑡𝑙𝑣𝑟 ∙ 𝑓𝑟𝑙𝑣𝑟 + 𝑄𝑡𝑠𝑝𝑙𝑛 ∙ 𝑓𝑟𝑠𝑝𝑙𝑛)/𝑉𝑝𝑙𝑎𝑠 ∙ (𝐷𝑟𝑢𝑔𝑙𝑣𝑟/𝐾𝑝𝑙𝑣𝑟) + 𝑄𝑡𝑚𝑢𝑠𝑐

∙ 𝑓𝑟𝑚𝑢𝑠𝑐/𝑉𝑝𝑙𝑎𝑠 ∙ (𝐷𝑟𝑢𝑔𝑚𝑢𝑠𝑐/𝐾𝑝𝑚𝑢𝑠𝑐) + 𝑄𝑡𝑘𝑑𝑛𝑦 ∙ 𝑓𝑟𝑘𝑑𝑛𝑦/𝑉𝑝𝑙𝑎𝑠

∙ (𝐷𝑟𝑢𝑔𝑘𝑑𝑛𝑦/𝐾𝑝𝑘𝑑𝑛𝑦) + 𝑄𝑟𝑒𝑚 ∙ 𝑓𝑟𝑟𝑒𝑚/𝑉𝑝𝑙𝑎𝑠 ∙ (𝐷𝑟𝑢𝑔𝑟𝑒𝑚/𝐾𝑝𝑟𝑒𝑚) 

(1) 

𝑑𝐷𝑟𝑢𝑔𝑙𝑣𝑟

𝑑𝑡
= 1/𝑉 𝑙𝑣𝑟

∙ (𝑄𝑡𝑙𝑣𝑟 ∙ 𝑓𝑟𝑙𝑣𝑟 ∙ 𝐷𝑟𝑢𝑔𝑎𝑟𝑡 − (𝑄𝑡𝑙𝑣𝑟 ∙ 𝑓𝑟𝑙𝑣𝑟 + 𝑄𝑡𝑠𝑝𝑙𝑛 ∙ 𝑓𝑟𝑠𝑝𝑙𝑛)

∙ 𝐷𝑟𝑢𝑔𝑙𝑣𝑟 ./𝐾𝑝𝑙𝑣𝑟) + 𝑄𝑡𝑠𝑝𝑙𝑛 ∙ 𝑓𝑟𝑠𝑝𝑙𝑛/𝑉 𝑙𝑣𝑟 ∙ (𝐷𝑟𝑢𝑔𝑠𝑝𝑙𝑛/𝐾𝑝𝑠𝑝𝑙𝑛)

− 𝐷𝑟𝑢𝑔𝑙𝑣𝑟/(𝐾𝑝𝑙𝑣𝑟 ∙ 𝑉 𝑙𝑣𝑟) ∙ 𝐶𝐿𝑙𝑣𝑟 

(2) 

𝑑𝐷𝑟𝑢𝑔𝑘𝑑𝑛𝑦

𝑑𝑡
= 𝑄𝑡𝑘𝑑𝑛𝑦 ∙ 𝑓𝑟𝑘𝑑𝑛𝑦/𝑉 𝑘𝑑𝑛𝑦 ∙ (𝐷𝑟𝑢𝑔𝑎𝑟𝑡 − 𝐷𝑟𝑢𝑔𝑘𝑑𝑛𝑦/𝐾𝑝𝑘𝑑𝑛𝑦)

− 𝐷𝑟𝑢𝑔𝑘𝑑𝑛𝑦/(𝐾𝑝𝑘𝑑𝑛𝑦 ∙ 𝑉 𝑘𝑑𝑛𝑦) ∙ 𝐶𝐿𝑘𝑑𝑛𝑦 

(3) 

𝑑𝐷𝑟𝑢𝑔𝑠𝑝𝑙𝑛

𝑑𝑡
= 𝑄𝑡𝑠𝑝𝑙𝑛 ∙ 𝑓𝑟𝑠𝑝𝑙𝑛/𝑉 𝑠𝑝𝑙𝑛 ∙ (𝐷𝑟𝑢𝑔𝑎𝑟𝑡 − 𝐷𝑟𝑢𝑔𝑠𝑝𝑙𝑛/𝐾𝑝𝑠𝑝𝑙𝑛) (4) 

𝑑𝐷𝑟𝑢𝑔𝑚𝑢𝑠𝑐

𝑑𝑡
= 𝑄𝑡𝑚𝑢𝑠𝑐 ∙ 𝑓𝑟𝑚𝑢𝑠𝑐/𝑉 𝑚𝑢𝑠𝑐 ∙ (𝐷𝑟𝑢𝑔𝑎𝑟𝑡 − 𝐷𝑟𝑢𝑔𝑚𝑢𝑠𝑐/𝐾𝑝𝑚𝑢𝑠𝑐) (5) 

𝑑𝐷𝑟𝑢𝑔𝑎𝑟𝑡

𝑑𝑡
= 𝑄𝑡𝑙𝑢𝑛𝑔 ∙ 𝑓𝑟𝑙𝑢𝑛𝑔/𝑉𝑎𝑟𝑡 ∙ (𝐷𝑟𝑢𝑔𝑙𝑢𝑛𝑔/𝐾𝑝𝑙𝑢𝑛𝑔) − 𝐷𝑟𝑢𝑔𝑎𝑟𝑡 ∙ (𝑄𝑡𝑙𝑣𝑟

∙ 𝑓𝑟𝑙𝑣𝑟/𝑉𝑎𝑟𝑡 + 𝑄𝑡𝑚𝑢𝑠𝑐 ∙ 𝑓𝑟𝑚𝑢𝑠𝑐/𝑉𝑎𝑟𝑡 + 𝑄𝑡𝑠𝑝𝑙𝑛 ∙ 𝑓𝑟𝑠𝑝𝑙𝑛/𝑉𝑎𝑟𝑡 + 𝑄𝑡𝑘𝑑𝑛𝑦

∙ 𝑓𝑟𝑘𝑑𝑛𝑦/𝑉𝑎𝑟𝑡 + 𝑄𝑟𝑒𝑚 ∙ 𝑓𝑟𝑟𝑒𝑚/𝑉𝑎𝑟𝑡) 

(6) 

𝑑𝐷𝑟𝑢𝑔𝑙𝑢𝑛𝑔

𝑑𝑡
= 𝑄𝑡𝑙𝑢𝑛𝑔 ∙ 𝑓𝑟𝑙𝑢𝑛𝑔 ∙ 𝐷𝑟𝑢𝑔𝑝𝑙𝑎𝑠/𝑉 𝑙𝑢𝑛𝑔 − 𝑄𝑡𝑙𝑢𝑛𝑔 ∙ 𝑓𝑟𝑙𝑢𝑛𝑔

∙ 𝐷𝑟𝑢𝑔𝑙𝑢𝑛𝑔/(𝑉 𝑙𝑢𝑛𝑔 ∙ 𝐾𝑝𝑙𝑢𝑛𝑔) 

(7) 

𝑑𝐷𝑟𝑢𝑔𝑟𝑒𝑚

𝑑𝑡
= 𝑄𝑟𝑒𝑚 ∙ 𝑓𝑟𝑟𝑒𝑚/𝑉𝑟𝑒𝑚 ∙ (𝐷𝑟𝑢𝑔𝑎𝑟𝑡 − 𝐷𝑟𝑢𝑔𝑟𝑒𝑚/𝐾𝑝𝑟𝑒𝑚) (8) 

 



11 

All physiological parameters, including the blood flows and tissue volumes, were taken 

from the literature (Table 1.3) [38, 43-45]. The interstitial tissue volume ( 𝑉𝑜𝑟𝑔𝑎𝑛) values were 

obtained by subtracting the respective vascular plasma contribution from the total organ volume 

(Table 1.3). For example, 𝑉𝑙𝑣𝑟 = (1 − 𝑃𝑙𝑎𝑠𝐹𝑟𝑎𝑐𝑉𝑙𝑣𝑟) × 𝑉𝑙𝑣𝑟
𝑤ℎ𝑜𝑙𝑒.  The initial values of the 

partitioning coefficients (𝐾𝑝𝑡𝑖𝑠𝑠𝑢𝑒) were determined by taking the ratio of area under the curve 

(AUC) between tissue and plasma, which were then optimized (Table 1.2) [46].  The apparent 

permeability coefficients of liposomes across vascular membrane were also optimized, 

accounting for the intrinsic permeability and the impact of other variables at in vivo conditions 

(shear stress, osmotic pressure, etc.) (Table 1.2). Initial conditions were determined from the 

peaking time of tissue profiles in the data. The model was initialized at the point at which the 

total PET signal stabilized in the mouse, at approximately 1-minute post-injection. The system 

was solved numerically using MATLAB’s ode15s function (MATLAB R2019a). The PET data 

for each organ included total signal from both the tissue and residual blood plasma. Therefore, 

when comparing the model output to the data, we computed a weighted average of PL contained 

in each organ’s tissue and plasma. Parameters were optimized to obtain individual fits for each 

mouse using Latin Hypercube Sampling (Table 1.2) [47, 48].   
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Table 1.3. Physiological parameters in the PBPK model in 20 g mice.  

Parameter Interpretation Value Ref 

𝑄𝑡𝑙𝑣𝑟 Plasma flow through liver (mL/min) 1.1 [38] 

𝑄𝑡𝑘𝑑𝑛𝑦 Plasma flow through kidney (mL/min) 0.8 [38] 

𝑄𝑡𝑠𝑝𝑙𝑛 Plasma flow through spleen (mL/min) 0.05 [38] 

𝑄𝑡𝑚𝑢𝑠𝑐 Plasma flow through muscle (mL/min) 0.8 [38] 

𝑄𝑡𝑙𝑢𝑛𝑔 Plasma flow through lung (mL/min) 4.38 [38] 

𝑉𝑙𝑣𝑟
𝑤ℎ𝑜𝑙𝑒 Volume of liver  1.75 [43, 44] 

𝑉𝑘𝑑𝑛𝑦
𝑤ℎ𝑜𝑙𝑒 Volume of kidney  0.32 [43, 44] 

𝑉𝑠𝑝𝑙𝑛
𝑤ℎ𝑜𝑙𝑒 Volume of spleen  0.1 [43, 44] 

𝑉𝑚𝑢𝑠𝑐
𝑤ℎ𝑜𝑙𝑒 Volume of muscle  7.6 [43, 44] 

𝑉𝑙𝑢𝑛𝑔
𝑤ℎ𝑜𝑙𝑒 Volume of lung  0.12 [43, 44] 

𝑉𝑝𝑙𝑎𝑠 Volume of venous blood plasma (mL) 0.67 [45] 

𝑉𝑎𝑟𝑡 Volume of arterial blood plasma (mL) 0.67 [45] 

𝑃𝑙𝑎𝑠𝐹𝑟𝑎𝑐𝑉𝑙𝑣𝑟 Fraction of volume of murine liver comprised of 

plasma 

0.155 [43, 45] 

𝑃𝑙𝑎𝑠𝐹𝑟𝑎𝑐𝑉𝑘𝑑𝑛𝑦 Fraction of volume of murine kidney comprised of 

plasma 

0.120 [43, 45] 

𝑃𝑙𝑎𝑠𝐹𝑟𝑎𝑐𝑉𝑠𝑝𝑙𝑛 Fraction of volume of murine spleen comprised of 

plasma 

0.085 [43, 45] 

𝑃𝑙𝑎𝑠𝐹𝑟𝑎𝑐𝑉𝑚𝑢𝑠𝑐 Fraction of volume of murine muscle comprised of 

plasma 

0.020 [43, 45] 

𝑃𝑙𝑎𝑠𝐹𝑟𝑎𝑐𝑉𝑙𝑢𝑛𝑔 Fraction of volume of murine lung comprised of 

plasma 

0.250 [43, 45] 
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Results  

PET/CT imaging reveals APA quickly eliminates PEG-liposomes from the circulation 

In our previous study that relied on quantifying doxorubicin levels in the blood and 

different organs collected from sacrificed animals, we were unable to gain insights into the PK 

and biodistribution of Doxil® between 5 mins and 3 hours post-infusion. In contrast, PET/CT 

imaging, by tracking the PK and biodistribution of radiolabeled entities in the same mouse in 

nearly continuous time, can accurately reveal the physiological fate of drugs and drug carriers 

with unparalleled temporal resolution even with just a small number of animals (Figure 1.2A). 

To investigate the temporal dynamics with which APA can mediate clearance of PEGylated drug 

carriers, we thus performed PET/CT imaging in naïve and PEG-sensitized mice infused with 

radiolabeled PEG-liposomes.   

All mice exhibited a rapid initial re-distribution of PL signals within the first minute of 

infusion.  Naïve mice then exhibited very little change in plasma PL over the first hour, retaining 

~50% of the total signal (i.e., injected dose) (Figure 1.2B). Of the remaining 50% of the PL 

radioactivity, ~30% was found in the liver, with a steady level observed throughout the first hour 

of the scan. Muscle mass comprised ~10-20% of the total signal, but was generally very noisy 

and reflected low, diffuse concentrations. Roughly 1% of the signal was present in the spleen, 

~2.5% in the lung, and ~3-4% in the kidney at 1 h after dosing. The trends in change in 

radioactivity signal over time for the lung and kidney mirrored those in the blood, whereas the 

trends in the spleen mirrored those in the liver, with much of the increase found within the first 

10 minutes post-infusion.  These results are consistent with PL distribution primarily to the 

plasma sub-compartments for each tissue immediately following intravenous dosing, followed 

by gradual extravasation to the organ interstitium. The difference in the trend of radioactivity 
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accumulation over time likely relates to different rates of extravasation and immune cell uptake 

in the different organs. 

In contrast, PL-sensitized mice with substantial APA titers exhibited rapid and extensive 

clearance of PL from the systemic circulation within the first hour post-infusion, retaining only 

~20% of the injected dose in the circulation at the end of the first hour, less than half of the 

signal measured in the naïve mice. Much of the clearance from the systemic circulation appeared 

to occur within the first 10-15 minutes. We found a corresponding increase in PL radioactivity in 

the liver over the same time frame, accounting for nearly 75% of the injected dose.  The 

dominant hepatic accumulation is consistent with APA-mediated clearance by Kupffer cells and 

LSECs. In contrast, the spleen, the lung, and the kidney retained only ~2%, ~1%, and ~2.5% of 

the PL-associated radioactivity at the end of the first hour. The difference in the measured 

radioactivity by the end of the first hour translates to statistically significant differences in the 

AUC in the plasma and liver between naïve and PL-sensitized, APA+ mice even within such 

short duration (p < 0.001, Welch’s t-test) (Figure 1.2C). 

 Unfortunately, by 24 hrs post-infusion, we were unable to detect appreciable radioactivity 

in the heart from PET/CT imaging (data not shown), which is far shorter than the half-life of PL 

such as Doxil® established from earlier studies [40].  We believe this is unlikely due to the 

natural decay in radioactivity of 64Cu, as we were also unable to detect a signal from PL labeled 

with 89Zr.  Instead, the most likely explanation is that the amine-functionalized PL preparations 

purchased commercially were not as stable as clinical formulations of PL, such as Doxil®.  We 

thus only utilized PET/CT data from the first hour post-infusion in validating our PBPK model. 
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Figure 1.2. Comparison Between APA+ and Naïve Mice. (A) PET/CT imaging for a 

representative APA+ and naïve mouse. Note the substantial liver uptake within the first hour of 

study, particularly in the APA+ mouse. (B) Quantity of PL in the blood and different organs in 

APA-sensitized (n=6, yellow filled circle) vs. naïve (n=6, blue filled triangle) mice: (i) Blood, 

(ii) Liver, (iii) Kidney, (iv) Spleen, (v) Muscle, and (vi) Lung. (1 = 100 %ID). (C) Comparison 

of 1 h AUC of percent injected dose in each organ for APA-sensitized vs. naïve mice. Error bars 

represent standard deviation. 
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PBPK model accurately captures early phase APA-mediated clearance of PL 

We first sought to confirm that our PBPK model can accurately reproduce the PK and 

biodistribution of PL in the absence of APA over the first hour, using parameter values that are 

reflective of the mouse anatomy and physiology.  When calibrating our model parameters, we 

used a threshold of no more than 10% error for each organ (normalized to total signal in the 

mouse) to stop the optimization process; for most of the data, the error is less than 5%. With 

minimal optimization, our PBPK model accurately reproduced not only the correct concentration 

of PL in both plasma and the major organs of interest, but also the change in concentrations over 

time (Figure 1.3A, 1.4, 1.5).  We noticed appreciably greater variations in the data from model 

predictions in the initial few minutes post-infusion (Figure 1.6), which is likely attributed to 

fluctuations in the initial PET signal immediately following infusion.  We also noticed generally 

greater deviations between model prediction and PET/CT measurements of the muscle 

compartment, which is likely attributed to the low intensity of the signal in this organ resulting in 

a high signal-to-noise ratio (Figure 1.6).     

 

Figure 1.3. Comparison of PBPK Model Predictions. Comparison of PBPK model predictions 

vs. in vivo PET/CT imaging data for (A) a representative naïve mouse and (B) a representative 

APA+ mouse (37 µg/mL IgG), reported as %ID/g (1 = 100 %ID/g). Black closed circles 

represent measurements from PET/CT imaging, whereas turquoise line represents predictions 

from PBPK model. 
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Figure 1.4. Example PBPK Model Fit. Example PBPK model fit in (A) naïve (n=6) and (B) 

APA+ (n=6) mice, illustrating that the model is able to accurately capture differences in 

physiology between mice as well as between cohorts (1 = 100 %ID/g).  Spleen data is not 

available for 2 of the mice in each cohort. 
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Figure 1.5. Example AUC from the PBPK Model Fit. Example AUC from the PBPK model 

fit in (A) naïve (n=6) and (B) APA+ (n=6) mice, illustrating that the model is able to accurately 

capture differences in physiology between mice as well as between cohorts.  Spleen data is not 

available for 2 of the mice in each cohort. 
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Figure 1.6. Example Error in the PBPK Model Prediction. Example error in the PBPK model 

fit in (A) naïve (n=6) and (B) APA+ (n=6) mice, illustrating that the model is able to accurately 

capture differences in physiology between mice as well as between cohorts (1 = 100%).  Spleen 

data is not available for 2 of the mice in each cohort. 
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We next assessed the ability of our PBPK model to recapitulate APA-mediated clearance 

of PL from the blood to the liver and spleen.  In our previous work on developing a minimal 

PBPK model for APA-mediated clearance of PL [40], we had already developed the algorithms 

to tally the rates of APA accumulation on PL over time as a function of APA titers.  Thus, for the 

current more comprehensive PBPK model, once we validated our ability to model the fate of PL 

over time in the absence of APA, we simply needed to account for the affinity between APA/PL 

complexes and the accumulation potentials on key organs (captured in the Kp value for each 

organ).  With these additions, our model was able to capture the initial transient dynamics of PL 

circulation and accumulation in different organs in mice with substantial APA titers (Figure 

1.3B, 1.4-1.6).  Not surprisingly, AUC predictions from the model closely matched experimental 

measurements (Figure 1.5, 1.7).   

 

Figure 1.7. Model and Experimental Data AUC at 1h. AUC at 1h predicted by the PBPK 

model (black filled circle) vs. PET/CT data (blue filled square), for (A) naïve and (B) APA+ 

mice. AUC values were computed from %ID/g in each organ as a numerical integral in 

MATLAB.   
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PBPK models can make predictions that are often difficult to directly test in vivo.  For 

instance, PET/CT imaging does not offer the resolution needed to differentiate the fraction of 

drug found in the blood vasculature within an organ vs. in the cells/tissue interstitium.  Utilizing 

parameters that are largely consistent with other PBPK models (and thus reflective of the mouse 

physiology), our PBPK model predicts that a substantial fraction of PL begins to distribute to the 

liver within the first 5 minutes post infusion, initially within the blood vasculature.  It is at this 

point that the time series curves tracking PL in plasma of naïve and APA+ mice began to 

diverge.  In naïve mice, residual blood (in the liver) continued to account for most of the 

predicted signal in the liver.  In contrast, in APA+ mice, the model predicts that within 15 

minutes, a substantial fraction of PL can begin to extravasate from local blood vasculature into 

the cells and tissues, with the amount of PL in the cells and tissues in the liver dominant over the 

amount in the local plasma sub-compartment.  Such preferential distribution of PL was necessary 

for the model to faithfully reproduce the observed plasma PK and biodistribution data in both 

naïve and PL-sensitized, APA+ mice.  Indeed, while all of the APA+ mice had a distinct 

extravasation point in the liver compartment, none of the naïve mice exhibited this behavior. 

Consistent with physiological trends in the data, the rate of change in drug distribution to the 

lung and kidney compartments tended to mirror those in the plasma (which indicates no 

appreciable distribution to cells and tissues within those organs), whereas the concentrations in 

the spleen tended to mirror those in the liver, consistent with the abundance of cells with Fc 

receptors that can intercept and retain APA-immune complexes.  
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PBPK model also recapitulates APA-mediated clearance of PL over long timescales 

Finally, our goal was to develop a comprehensive PBPK model that can recapitulate not 

only the early fate of PEGylated drug carriers but also their PK and biodistribution over longer 

timescales.  To assess the predictive power of our model over the course of days, we tested our 

model against our prior data set, capturing the fate of Doxil® (PEGylated liposomal 

doxorubicin) in mice with and without APA [40].  The APA+ mice in this data set possessed 

anti-PEG IgG levels of ~0.3 µg/mL, enough to induce ABC of PL, but lower than the APA 

levels in PL-sensitized mice from our PET/CT studies.  We had to fine-tune model parameters to 

account for the fact that Doxil® has a longer systemic persistence than the PL used in our 

PET/CT studies. Our model accurately recapitulated the PK and biodistribution of the drug in the 

liver, lung, and spleen over a 96-hour period (Figure 1.8), underscoring the model’s ability to 

capture the fate of PL at both short and long timescales.  It should be noted that minimal tuning 

of the other model parameters was necessary, and the only notable difference was lower splenic 

uptake of Doxil® at later time points. This suggests that the model accurately captures the 

physiology of APA-mediated accelerated clearance, and that it is generally adaptable to 

predicting PK of other drugs and assessment through alternate experimental designs. 

 



23 

 

Figure 1.8. PBPK Model Recapitulates Historical Data. PBPK model recapitulates Doxil® 

pharmacokinetics and distribution in (A) naïve mice and (B) APA+ mice over 96h, reported in 

%ID/g (1 = 100 %ID/g).  Black closed circles represent Doxil® levels measured by HPLC from 

Ref [40], whereas red line represents predictions from the current PBPK model.  This data 

reflects the average Doxil® level from 3 mice sacrificed at each time point (5min, 3h, 6h, 24h, 

48h, 96h).      

 

Discussion 

Numerous clinical trials have shown that our immune system can secrete APA – 

effectively a form of ADA – that in turn can directly reduce efficacy and/or trigger 

hypersensitivity reactions to at least select PEGylated therapeutics.  A distinguishing feature of 

APA vs. classical ADA is that APA can be present prior to initial dosing of the therapeutics, and 

can also be elicited by other therapies containing PEG or PEG-conjugates.  Furthermore, while 

clinical studies to date indicate only a small number of PEGylated drugs are impacted by APA, 

those clinical studies effectively reflect only the immunogenicity profiles of the PEGylated drugs 

being investigated, as the primary and secondary endpoints generally focus on the safety and 

efficacy of the drug following repeated dosing. Due to the nature of the study design, these 

clinical studies typically do not reflect the efficacy and safety of the PEGylated drugs when 

dosed into patients with high APA titers elicited by other means, for instance by other more 
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immunogenic PEGylated drugs.  Given the increasing number of PEGylated drugs that are FDA-

approved or in clinical development, including the unprecedented scale with which mRNA 

vaccines stabilized with PEG-lipid conjugates are deployed as a consequence of the COVID 

pandemic, we are likely entering a new era where the polypharmacy risks associated with APA 

are greater than ever before.  In turn, this likely necessitates a new series of tools and approaches 

for addressing the APA polypharmacy issues. 

PBPK models offer a powerful tool to understand, interpret and possibly intervene in 

risks presented by APA to patients, even in the absence of data from controlled clinical trials.  

Although a number of mathematical models have been published [49, 50], quantitative insights 

into the interactions between ADA and their therapeutic targets remain very limited.  Indeed, it is 

difficult to experimentally tease apart complex binding interactions in living systems.  The likely 

demand for more powerful predictive tools for APA motivated us to expand on our minimal 

PBPK model to develop a comprehensive PBPK model that can accurately recapitulate the 

circulation profiles of PEGylated drugs and liposomes in the presence of APA.  While PBPK 

modeling is largely mechanistic, the combination of mechanistic and data-driven approaches in 

such models improves their accuracy and predictive ability [51-53].  Here, we validated our 

PBPK model against both PK and biodistribution data from PET/CT imaging as well as classical 

assessment of drug concentrations.  Our PBPK model was able to accurately recapitulate the in 

vivo fate of PL at both short and long timescales.  We believe our model not only can guide 

animal studies of PEG-immunogenicity, but also serves as a promising platform for interpreting 

the impact of APA in PEG-sensitized patients in clinical settings. 

From both experimental studies and model predictions, it is abundantly clear that PL are 

rapidly cleared from the systemic circulation in APA+ mice, with liver representing the dominant 
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organ of distribution. In contrast, naïve mice exhibited substantially slower clearance, with PL 

levels in the spleen comparable to or above those in the liver. Assuming the vasculature and 

general tissue permeability that governs extravasation of PL should be the same between naïve 

and APA+ mice, our PBPK model indicates that the distinct PK and biodistribution of PL driven 

by APA must be attributed to interactions between cells possessing Fc receptors that can bind 

extravasated APA/PL immune-complexes.  In other words, the primary driver of APA-mediated 

clearance of PL from the circulation is unlikely due to preferential distribution of PL from the 

circulation into a local plasma compartment, but rather enhanced retention of PL that has already 

been distributed to the liver.  Not surprisingly, due to the abundance of cells possessing FcR in 

the liver, the liver is the dominant organ of APA clearance. 

Some disparity between the predicted and observed blood plasma concentrations and 

clearance can be attributed to the use of PET data from the heart as a proxy for plasma.  This 

data collection process may have captured a low level of additional heart tissue signal, which 

could not be determined at a high enough resolution to separate.  The initial peaks of signal post-

injection may not have been fully captured during PET imaging due to image resolution, 

saturation, and binning limitations.  It is also acknowledged that free 64Cu or 89Zr isotope 

accumulation by the intracellular compartments could have contributed to some of the observed 

PET signals.  There is also the possibility of minimal signal in organs not specifically accounted 

for, such as the brain, though this has been absorbed into the “remainder” compartment. 

However, Cu labeling is a common and accepted method for tracking biodistribution with 

consistent signals [54, 55].  

In conclusion, we have demonstrated our ability to track the fate of PEGylated drug 

carriers while capturing some complexities of physiology that may significantly impact the 
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dynamics of APA-mediated clearance with high temporal resolution.  Our model holds promise 

for answering questions about the dynamics of APA in the systemic circulation.  More broadly, 

we expect our model to provide important mechanistic insights into monoclonal antibody-

mediated clearance of pathogens as well as other ADA.  With our PBPK model, we can 

explicitly track the binding dynamics of various species in the system, as a multiscale process, 

rather than as an average phenomenon related to how their effects are propagated. This model 

lays a framework for testing possible interventions to mitigate APA-mediated accelerated blood 

clearance. For example, we have previously shown that pre-injection with a high molecular 

weight free PEG (unbound to drug carriers) can increase the circulation time of PEGylated 

therapeutics even in the presence of APA [39]. When free PEG is injected into the bloodstream, 

the APA form complexes with and clear the PEG rather than the drug [39].  Future modeling 

efforts aim to incorporate the dynamics of free PEG interactions with APA and PEG-liposomes, 

with the goal of preventing APA-mediated clearance and thus enabling the safe and efficacious 

use of PEGylated therapeutics in individuals with APA.   
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CHAPTER 2: EXPERIMENTAL DATA AND PBPK MODELING QUANTIFY 

ANTIBODY INTERFERENCE IN PEGYLATED DRUG CARRIER DELIVERY2 

 

Summary 

Physiologically-based pharmacokinetic (PBPK) mathematical modeling is a popular drug 

development tool that integrates physiology, drug physicochemical properties, preclinical data, 

and clinical information to predict drug systemic disposition. Since PBPK models seek to capture 

complex physiology, parameter uncertainty and variability is a prevailing challenge: there are 

often more compartments (e.g., organs, each with mechanisms for drug flux and retention, and 

their associated model parameters) than can be simultaneously measured.  To improve the 

fidelity of PBPK modeling, one approach is to search and optimize within the high-dimensional 

model parameter space, based on experimental time-series measurements of drug distributions in 

a subset of the compartments. Here, we employ Latin Hypercube Sampling (LHS) on a PBPK 

model of PEGylated nanomedicines that tracks biodistribution in an 8-compartment mouse 

circulatory system, in the presence (APA+) or absence (naïve) of anti-PEG antibodies (APA). 

Near-continuous experimental measurements of drug concentration during the first hour post 

drug injection from the liver, spleen, kidney, muscle, lung, and blood plasma are used as truth 

sets with LHS to infer optimal parameter ranges for the full PBPK model, for both APA+ and 

naïve mice. The data and model quantify that drug retention in the liver is the primary (and 

spleen the secondary) differentiator of the biodistribution patterns of PL in naïve versus APA+ 

 
2 This chapter is adapted from a preprint of an article submitted to the Bulletin of Mathematical Biology. The 

original citation is as follows: 

Talkington A.M., Wessler T., Lai S.K., Cao Y., Forest M.G. “Experimental data and PBPK modeling quantify 

antibody interference in PEGylated drug carrier delivery,” Bulletin of Mathematical Biology (submitted). 
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mice, with retention of PEGylated nanomedicines substantially amplified in APA+ mice, due to 

PL-bound APA binding to receptors in the liver and spleen.  We thereby reveal a mechanistic 

understanding of the biodistribution and APA-mediated clearance of PEGylated drugs. 

 

Introduction 

Drug development generally involves extensive studies in animal models to assess the 

pharmacokinetics and biodistribution of the drug over time, as the complex interactions between 

the drug and different elements of a living system cannot be readily captured by in vitro 

experiments.  To interpret and guide animal studies, physiologically-based pharmacokinetic 

(PBPK) models are increasingly used to integrate drug and system (physiology) information into 

a mathematical modeling framework to describe and predict the absorption, distribution, 

metabolism and excretion of the drug in humans and animals.  A key feature of PBPK models is 

their mechanistic focus, capturing the mass balance of the drug of interest over time by 

incorporating the anatomical, physiological, physical, and chemical processes that govern the 

eventual distribution of a drug. Many PBPK parameters are pre-determined experimentally – for 

example, organ-specific blood flow rates and volumes have been determined using appropriate 

radioactive tracers for a variety of model organisms [1-4].  PBPK models, coupled with the 

principle of allometric scaling, enable ease in translations across species and populations [5-7].  

Not surprisingly, PBPK models are broadly adopted in drug development and regulation [8, 9], 

including the prediction of drug-drug interactions [10, 11], dose adjustment in special 

populations [12, 13], bioequivalence assessment of complex drug formulations [14, 15], and 

many other mechanistic explorations [16-20].   
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A limiting aspect of PBPK models is that some, and often many, key parameters are not 

well-documented. This is especially true in the development of new therapeutics.  The 

complexity of living systems, as reflected by a large number of model parameters together with 

ethical as well as practical limitations, makes it difficult to measure or estimate all parameter 

values.  This necessitates the use of various mathematical and statistical techniques to identify 

the most sensitive model parameters, and to take measures to better estimate those parameters in 

order to improve the predictive power of the PBPK model.  Examples include variable response 

to treatment and individual-to-individual variability [21-23].  

We previously developed a minimal, 2-compartment PBPK model to capture the 

systemic circulation over time of liposomal drug carriers modified with polyethylene glycol 

(PEG), or PEGylated liposomes (PL), in the presence of anti-PEG antibodies (APA) [24].  

Clinically, APA have been shown to bind a number of PEGylated drugs. Above a critical 

threshold, APA cause rapid elimination of the PEGylated drugs from the circulation, greatly 

reducing their efficacy as well as increasing the adverse events associated with the therapy [25, 

26].  Here, we expanded the minimal model to 8 compartments in order to better resolve the 

biodistribution of PEG-liposomes in the presence of APA.  We compared the 8-component 

PBPK model predictions to experimental data obtained from tracing radiolabeled PL in different 

organ tissues over time, using positron emission tomography/computed tomography (PET/CT) 

scanning. Using the experimental measurements as truth sets, we then employed Latin 

Hypercube Sampling to deduce parameter ranges for the 8-compartment PBPK model for both 

APA+ and naïve mice.  We identified principal parameters that induce the largest model 

variability, and used those principal components to optimize fits to the truth set with parameter 

range estimates.  In doing so, we confirmed hypotheses for organs (liver and spleen) most 
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responsible for accelerated blood clearance (ABC) of PEGylated liposomes by anti-PEG 

antibodies. Further, we identified the specific kinetic mechanism (drug retention) amplified by 

the presence of APA as the driving factor for increased liver and spleen deposition.  

 

Model Parametrization and Exploration 

Parametrizing the Model with Latin Hypercube Sampling and Experimental Data  

Here we introduce a full, multi-compartment PBPK model to describe the biodistribution 

of PL, and how it is altered in the presence of APA. The model was able to fit mouse data with 

and without APA, illustrating its capacity to recapitulate the accelerated blood clearance 

phenomenon mediated by APA.  All of the mice in this study exhibited high APA titers (>15 

µg/ml anti-PEG IgG), well above the threshold for ABC.  The model accounts for the 

redistribution of radiolabeled PL from an IV injection through the lungs, liver, spleen, kidney, 

and muscle. A remainder compartment comprises the brain, adipose and other tissues that may 

sequester small amounts of the drug.  Initializing the model at t = 1 min allows us to model the 

complete redistribution of drug to the appropriate organs, with some degree of noise, while 

eliminating excessive fluctuations due to very fast transient changes immediately post injection 

and limitations in the timing of the PET/CT imaging used to obtain the experimental data (i.e., a 

peak in signal that may appear and disappear between the 10-second windows used for binning 

images).   

We consider the PBPK system defined by the following system of rate equations for 

transport of the “Drug” (PL) between all compartments (p = venous plasma, li = liver, k = 

kidney, s = spleen, m = muscle, a = arterial plasma, lu = lung, r = remainder compartment): 
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𝑑𝐶𝑝

𝑑𝑡
= 1/𝑉𝑝 ∙ (−𝐶𝑝 ∙ 𝐶𝐿𝑝) − 𝑄𝑙𝑢 ∙ 𝑓𝑟𝑙𝑢 ∙ 𝐶𝑝 /𝑉𝑝 + (𝑄𝑙𝑖 ∙ 𝑓𝑟𝑙𝑖 + 𝑄𝑠 ∙ 𝑓𝑟𝑠)/𝑉𝑝

∙ (𝐶𝑙𝑖 /𝐾𝑝𝑙𝑖) + 𝑄𝑚 ∙ 𝑓𝑟𝑚/𝑉𝑝 ∙ (𝐶𝑚 /𝐾𝑝𝑚) + 𝑄𝑘 ∙ 𝑓𝑟𝑘/𝑉𝑝 ∙ (𝐶𝑘 /𝐾𝑝𝑘)

+ 𝑄𝑟 ∙ 𝑓𝑟𝑟/𝑉𝑝 ∙ (𝐶𝑟 /𝐾𝑝𝑟) 

(1) 

𝑑𝐶𝑙𝑖

𝑑𝑡
= 1/𝑉𝑙𝑖 ∙ (𝑄𝑙𝑖 ∙ 𝑓𝑟𝑙𝑖 ∙ 𝐶𝑎 − (𝑄𝑙𝑖 ∙ 𝑓𝑟𝑙𝑖 + 𝑄𝑠 ∙ 𝑓𝑟𝑠) ∙ 𝐶𝑙𝑖 ./𝐾𝑝𝑙𝑖) + 𝑄𝑠 ∙ 𝑓𝑟𝑠/𝑉𝑙𝑖

∙ (𝐶𝑠 /𝐾𝑝𝑠) − 𝐶𝑙𝑖 /(𝐾𝑝𝑙𝑖 ∙ 𝑉𝑙𝑖) ∙ 𝐶𝐿𝑙𝑖 

(2) 

𝑑𝐶𝑘

𝑑𝑡
= 𝑄𝑘 ∙ 𝑓𝑟𝑘/𝑉𝑘 ∙ (𝐶𝑎 − 𝐶𝑘 /𝐾𝑝𝑘) − 𝐶𝑘 /(𝐾𝑝𝑘 ∙ 𝑉𝑘) ∙ 𝐶𝐿𝑘 (3) 

𝑑𝐶𝑠

𝑑𝑡
= 𝑄𝑠 ∙ 𝑓𝑟𝑠/𝑉𝑠 ∙ (𝐶𝑎 − 𝐶𝑠 /𝐾𝑝𝑠) (4) 

𝑑𝐶𝑚

𝑑𝑡
= 𝑄𝑚 ∙ 𝑓𝑟𝑚/𝑉𝑚 ∙ (𝐶𝑎 − 𝐶𝑚 /𝐾𝑝𝑚) (5) 

𝑑𝐶𝑎

𝑑𝑡
= 𝑄𝑙𝑢 ∙ 𝑓𝑟𝑙𝑢/𝑉𝑎 ∙ (𝐶𝑙𝑢 /𝐾𝑝𝑙𝑢) − 𝐶𝑎 ∙ (𝑄𝑙𝑖 ∙ 𝑓𝑟𝑙𝑖/𝑉𝑎 + 𝑄𝑚 ∙ 𝑓𝑟𝑚/𝑉𝑎 + 𝑄𝑠 ∙ 𝑓𝑟𝑠/𝑉𝑎

+ 𝑄𝑘 ∙ 𝑓𝑟𝑘/𝑉𝑎 + 𝑄𝑟 ∙ 𝑓𝑟𝑟/𝑉𝑎) 

(6) 

𝑑𝐶𝑙𝑢

𝑑𝑡
= 𝑄𝑙𝑢 ∙ 𝑓𝑟𝑙𝑢 ∙ 𝐶𝑝 /𝑉𝑙𝑢 − 𝑄𝑙𝑢 ∙ 𝑓𝑟𝑙𝑢 ∙ 𝐶𝑙𝑢 /(𝑉𝑙𝑢 ∙ 𝐾𝑝𝑙𝑢) (7) 

𝑑𝐶𝑟

𝑑𝑡
= 𝑄𝑟 ∙ 𝑓𝑟𝑟/𝑉𝑟 ∙ (𝐶𝑎 − 𝐶𝑟 /𝐾𝑝𝑟) (8) 

 

Here Qx represents blood flow in compartment x, Vx represents the volume of tissue and 

interstitial components, Cx represents the concentration of PL (in %ID/g), CLx represents 

clearance rate, frx represents the dimensionless permeability fraction controlling the 

extravasation rate into compartment x, and Kpx represents the partitioning (drug retention) 

coefficient and the potential for accumulation in compartment x.  A model incorporating 

permeability-limited distribution was chosen because the PL are ~100 nm in diameter, a 

sufficiently large size to make its extravasation rate much lower than blood perfusion. 
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In order to explore ranges for all parameters, we used Latin Hypercube Sampling (LHS). 

Rather than running parameter sweeps across the product space of ranges for all parameters, 

which is computationally impractical, LHS semi-randomly samples the product space of 

parameter ranges [27, 28]. We parametrized the system at the individual mouse level in order to 

consider inter-mouse and inter-cohort variability [29-31], and progressively refined parameter 

ranges based on LHS outputs for each in silico mouse. 

To set limits of minimum and maximum possible parameter values, we first searched the 

literature. Some physiological parameters are well-documented in the literature, for example, 

blood flow and organ volume [1-4].  Further details such as residual blood volume allow us to 

determine an even more accurate approximation of the signal or drug concentration in each 

compartment [1, 4].  We selected a suitable initial range for the drug retention coefficients (Kpx) 

per compartment from data, as the nearly continuous PET scan provided sufficient data to 

estimate Kpx for each compartment as a function of its area under the curve (AUC).  AUC for an 

organ compartment is computed as the integral of drug concentration over the duration of the 

study and is used as a measure of the organ’s total drug exposure for this duration. Restrictions 

on values of these more well-documented parameters allowed us to perform a targeted 

exploration of less-known parameters, e.g., the organ permeability fraction (frx).   

For the parameter ranges with less certainty, tests were used to determine parameter 

bounds that result in valid vs. invalid output. These pass/fail tests progressively narrow the 

parameter ranges in order to more reliably produce acceptable outputs. For the first round of 

tests, a parameter set was considered successful (passed) if (1) the model drug concentration in 

each organ was within 5-fold of in vivo experimental concentrations, (2) the AUC was within 

20% of the AUC calculated from in vivo data, and (3) the remainder compartment was non-
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negative and thus preserved mass balance. After completing a round of LHS simulations using 

relatively wide ranges for the least well-known parameters, each parameter range was examined 

to see which values yielded simulations that passed all tests and which values yielded 

simulations that failed at least one test. We found a representative parameter set whose model 

concentration and AUC plots visually resembled the in vivo experimental data and whose 

parameter values were not relatively close to values found in a failed test. From this 

representative parameter set, we created an updated range for each parameter by extending 10% 

above and below its value. Using these updated parameter ranges, we performed a second round 

of LHS simulations (Figure 2.1, 2.2). We sorted the model outputs (predicted drug concentration 

in each organ for the duration of the study) by the total sum of squared errors compared to the in 

vivo experimental data, and a characteristic parameter set for each mouse was selected from the 

ten with the lowest least-squares error. The least-squares error function was defined such that 

greater weight was placed on compartments with greater drug uptake, because errors were 

normalized by total signal in the mouse rather than normalized by individual organ. This 

optimization procedure prioritized organs with higher drug concentration and overall signal, 

which also enabled the model to converge faster and more consistently when implemented. The 

sampling ranges of these refined drug-retention coefficients (Kpx) were reasonably close to the 

initial guess from AUC ratios (most well within ±50%).  After the parameter sets had been 

sorted according to the lowest least-squares error, the top 10 predictions based on LHS 

randomized parameter selection tracked with the data (Figure 2.3). The optimal parameter set for 

each mouse was selected from these candidate sets. 
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Figure 2.1.  In Vivo Experiment and PBPK Model Comparisons for a Full LHS Run. 

Data (black dots) show PEGylated liposome (PL) drug concentrations in 6 compartments (blood 

plasma and 5 primary organs) of one APA+ mouse and are obtained via continuous PET/CT scan 

for the first hour after injection of drug. Simulated data (colored curves) are from the PBPK 

model, where the 2 sets of 100 trajectories shown (A and B) come from two rounds of 

simulations using parameter sets within the optimal ranges identified by Latin Hypercube 

Sampling (LHS). 
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Figure 2.2.  In Vivo Experiment and PBPK Model Comparisons for a Full LHS Run. 

Data (black dots) show PEGylated liposome (PL) drug concentrations in 6 compartments (blood 

plasma and 5 primary organs) of one naïve mouse and are obtained via continuous PET/CT scan 

for the first hour after injection of drug. Simulated data (colored curves) are from the PBPK 

model, where the 2 sets of 100 trajectories shown (A and B) come from two rounds of 

simulations using parameter sets within the wide ranges which were later refined by subsequent 

rounds of Latin Hypercube Sampling (LHS). 
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Figure 2.3.  In Vivo Experiment and PBPK Model Comparisons. Data (black dots) show PL 

concentrations in 6 compartments (blood plasma and 5 primary organs) of one APA+ mouse, 

obtained via continuous PET/CT scan for the first hour after PL injection. Simulated data using 

the 10 most suitable parameter sets within the optimal ranges identified by LHS are overlaid with 

the experimental measurements (colored curves, with each color representing a unique LHS 

simulation ID). 

 

 

 

 

 

 

 

 

 

 



42 

Parametrizing the Model – an Exploration of Parameter Space 

Since prolonged drug circulation typically correlates with improved efficacy, we focused 

on the altered clearance of PL between these cohorts. We next sought to specifically characterize 

which process(es) and compartment(s) in the PBPK model (and corresponding physiological 

processes) can distinguish drug clearance to the highest degree between cohorts of mice with and 

without APA. 

Evidence suggests that the systemic clearance of PL and small immune complexes, such 

as PL bound to APA, is predominantly liver-mediated [24, 32, 33], in good agreement with our 

experimental and model findings that the organ with greatest PL accumulation over time is the 

liver.  To explore this in greater detail, we focused simulations on the parameters responsible for 

controlling the extent of drug exposure and retention in the liver: the liver permeability fraction, 

frli, and the retention coefficient, Kpli. Together, the parameters frli and Kpli control total drug in 

the liver.  
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Figure 2.4. PBPK-Generated Heat Map of Drug Concentration in Liver at 1 Hour Post 

Injection Versus Liver Permeability (frli) and Liver Retention (Kpli) Parameter 

Specifications. Ranges of parameters are identified from Latin Hypercube Sampling (LHS) 

based on experimental measurements for 1 hour post PEGylated liposome injection, from 

representative (A) naïve and (B) APA+ mice. All other PBPK model parameters are set at the 

average of optimal LHS-identified values for each cohort.  The black dots are mean values of 

both liver parameters optimized by LHS based on best-fits to the experimental data over the 

entire 1-hour measurements, whereas the ellipses have semi-axes given by the standard 

deviations of each LHS-identified parameter for each cohort.  Heat map colors and values are 

normalized so that 1 = 100 %ID/g. 

 

We considered the concentration of PL in the liver as a measurement of percent injected 

dose per gram liver tissue (%ID/g).  We measured uptake one hour post-injection, consistent 

with the early-phase redistribution of the liposomes and the available data for continuous 

PET/CT scanning.  We conducted a parameter sweep for liver-specific fr and Kp, through the 
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widest region searched with LHS, while fixing the other parameters at the average of their 

optimized values (generating the prediction with the lowest least-squares error) for representative 

naïve and APA+ mice according to the characteristic LHS runs, and thus generated a space of 

simulated liver uptake in an “average mouse” for each cohort one hour after liposome injection 

(Figure 2.4). Here, we visualize LHS-identified parameter ranges for liver permeability (frli ) and 

retention (Kpli), and the LHS-identified best-fit values of both liver parameters from the 

experimental data over 1 hour for naive and APA+ mice. In this state diagram, we observe 

regions of parameter sensitivity and impact. Assuming a base level of drug availability (frli), 

there is consistently a gradient of PL taken up by the liver, increasing while Kpli is increased. 

However, distinct regions emerge as frli is varied from its lower to upper bounds, occurring at the 

ridge where contour lines switch from horizontal to vertical (Figure 2.4). This implies that given 

sufficient permeability of the drug in the liver (through frli above a sufficiently high threshold), 

the final liver PL concentration loses sensitivity to frli, and liver drug concentration is driven 

primarily by the organ’s ability to retain the PL (determined by Kpli).  At the far left of the 

landscape, for low Kpli, liver retention is sufficiently low such that permeability (frli) makes no 

difference in overall uptake, since very little drug is retained regardless of availability.  

When the model was optimized for the experimental data, all mice showed sufficient frli 

above the minimal threshold, and all naïve mice clustered on the far left of the landscape. Thus, 

both naïve and APA+ mice fall in the regions where Kpli is a more sensitive parameter than frli in 

governing liver uptake. In other words, uptake in the liver compartment is driven more by its 

retention ability (partitioning coefficient Kpli), and loses dependence on permeability after a 

certain point.  In this framework, permeability simply controls how quickly the uptake occurs, 

but not total accumulation.  For example, if Kpli is fixed at a high value (assume, for instance, 
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Kpli > 3), frli close to 1 will result in the drug uptake reaching the organ’s “carrying capacity” 

(determined by Kpli) almost immediately, within the first few minutes, whereas frli < 0.1 will 

result in the drug concentration gradually reaching its upper limit over the course of an hour. The 

liver retention coefficient (Kpli) has similarly been identified as a critical parameter in the context 

of PBPK models for other therapeutics [34]. Correspondingly, we also find that if the retention 

ability and capacity to take up a drug are high enough, the availability of the PL determined by 

frli then becomes the factor limiting uptake and we see a rapidly increasing gradient as frli 

increases.  Ultimately, if Kpli and frli are sufficiently high (in the top right corner in Figure 2.4), 

we reach the upper bound of drug uptake in the liver.  This “plateau” is limited only by the 

amount of drug in the body.  

Physiologically, these findings suggest that a heightened drug retention in the liver (likely 

due to APA-mediated uptake into cells in the liver) is more responsible for increased 

concentration of PL in the liver in mice with APA, rather than drug permeability of the liver 

tissue or any changes to permeability promoting extravasation in the APA+ cohort.  This is not 

surprising, as hepatic clearance is consistent with the elimination of small immune complexes 

from the circulation by liver sinusoidal endothelial cells expressing the receptor FcγIIb, which 

binds to the Fc domain of the PL-bound APA.  

We next investigated other methods to confirm the liver drug retention capability Kpli as 

the key parameter in differentiating the biodistribution patterns of PL in mice with distinct levels 

of APA. We examined the full parameter space and found that the parameters cluster for the 

mice within each cohort, with small fluctuations.  Furthermore, in all drug retention (Kpx) and 

permeability (frx) parameters, except for drug retention in the liver and spleen, there is no notable 

cohort-to-cohort difference as opposed to variation between individuals within a cohort; i.e., 
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variability due to liver and spleen retention (Kpli, Kps) is only notable in the presence of APA.  

This suggests APA+ and naïve mice otherwise appear physiologically similar (Figure 2.5, Table 

2.1) (figure format adapted from [35]).  Organ-specific Kp (drug retention ability) parameters 

optimized by LHS cluster consistently at small values (< 0.5) with the exception of liver- and 

spleen-specific Kp in APA+ mice.  Kpli and Kps are the most variable parameters, and the 

variability increases with the presence of APA (Figure 2.5A).  Organ-specific fr (extent of 

permeability) parameters are consistently optimized around 0.1 in all mice, regardless of APA 

status.  Thus, drug permeability (fr) parameters have low variability relative to drug retention 

(Kp) parameters and are not influenced by the presence of APA (Figure 2.5B).   

 

Figure 2.5. Spider Plots of LHS-Optimized Parameters. (A) Retention and (B) permeability 

parameters for all 5 primary organs from 12 mice. Each colored line represents an individual 

mouse (diamonds and dashed lines indicate mice with APA and circles and solid lines indicate 

naïve mice). Note that spleen data are not available for 4 of the mice.  

 

While spleen data were unavailable for 4 of the mice in the sample set due to inability to 

accurately delineate the spleen in PET/CT imaging, gamma counter readings at the terminal time 

point confirm a high splenic concentration.  Isolating and looking more closely at retention 
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coefficients for liver and spleen, we can quantify a significant disparity in the behavior of these 

optimal parameters dependent on whether or not a mouse has high APA (Figure 2.6). These liver 

(Kpli) and spleen (Kps) retention parameters were the optimal parameters identified for each 

mouse when optimized by LHS according to our experimental system of continuously tracking 

PL distribution for 1 hour. We find that optimal liver and spleen retention parameters are indeed 

correlated with APA status: both are significantly larger (p < 0.05: unpaired, one-tailed t-test 

with Welch’s correction) and more variable (p < 0.05: F test) in APA+ mice. This further 

suggests that both liver (primary) and spleen (secondary) retention are responsible for the 

disparity in mechanisms underlying accelerated blood clearance of PL between the different 

mouse cohorts.  Physiologically, this points to crosslinking by APA to create PL, APA, 

liver/spleen species complexes as the primary mechanism by which APA alters biodistribution. 

Table 2.1. Ranges of All Optimized Permeability and Retention Parameters. Ranges reflect 

optimized values for each unknown permeability (fr) and retention (Kp) parameter reported for 

all 12 individual mice in the study. The increased range and stratification between naïve and 

APA+ mice for Kpli and Kps are highlighted in bold. 

Parameter Total Range Naïve Range APA+ Range 

𝑓𝑟𝑙𝑖 0.057-0.113 0.083-0.113 0.057-0.093 

𝑓𝑟𝑘 0.085-0.204 0.146-0.196 0.085-0.204 

𝑓𝑟𝑠 0.050-0.100 0.050-0.070 0.050-0.100 

𝑓𝑟𝑚 0.011-0.072 0.026-0.072 0.011-0.040 

𝑓𝑟𝑙𝑢 0.050-0.192 0.069-0.155 0.050-0.192 

𝑲𝒑𝒍𝒊 0.435-3.744 0.435-0.734 1.869-3.744 

𝐾𝑝𝑘 0.160-0.379 0.160-0.308 0.230-0.379 

𝑲𝒑𝒔 0.413-1.867 0.413-0.484 0.614-1.867 

𝐾𝑝𝑚 0.009-0.063 0.013-0.063 0.009-0.030 

𝐾𝑝𝑙𝑢 0.333-0.603 0.365-0.590 0.333-0.603 
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Figure 2.6. Correlations Between Liver and Spleen LHS-Optimized Retention Parameters. 

Values corresponding to APA+ mice (n=6 in liver, n=4 in spleen) are presented as circles and 

values corresponding to naïve mice (n=6 in liver, n=4 in spleen) are presented as squares. Error 

bars represent standard deviations. (*p < 0.05, ***p < 0.001). 

 

Discussion 

PEG is routinely conjugated to proteins and liposomes to reduce the immunogenicity and 

extend the systemic circulation times of the underlying therapeutic [26].  There are currently at 

least 12 PEGylated therapeutics on the market, and many more in development [26].  

Unfortunately, evidence has emerged that some patients may possess pre-existing or develop 

APA, which in turn leads to ABC of select PEGylated therapeutics [36, 37], including Krystexxa 

[38, 39] and Oncospar [40].  Animal studies have repeatedly shown that APA can lead to ABC 

of PL [24, 33, 41].  There are even suspicions that APA may be responsible for the anaphylactic 

response to COVID-19 mRNA vaccines formulated with PEG-lipids [42, 43].  Thus, there is 

immense interest in a better understanding of how APA can engage PEGylated drugs in living 

systems, and the consequent temporal fate of the PEGylated drug.  While in vivo studies have 

elucidated the immunological mechanisms of the APA induction [33], the ABC phenomenon 
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[25, 44], and the resulting biodistribution of the PEGylated drugs, these existing studies do not 

readily reveal the key physiological mechanisms that are responsible for the clearance itself.  

Here, by performing search and optimization using Latin Hypercube Sampling on an 8-

compartment PBPK model together with PET/CT data, we identify the most influential factors 

that drive the observed accumulation of PL/APA complexes in the liver and spleen.  Our work 

gives insight into the physiological factors underlying the PBPK model for PEGylated 

nanomedicine biodistribution, refines the parameter unknowns from experimental data, and 

explains the observed variation in the system. In this way, we gain mechanistic insights into 

accelerated drug clearance by APA that are otherwise difficult to measure and validate 

experimentally. 

In the model, consistent with PET/CT studies, we observed naïve mice exhibited less 

variability in their optimized parametrizations and maintained nearly constant signals through the 

first hour.  This contrasts with the greater variations in mice with appreciable APA titers, which 

underscores the complexity of APA-mediated ABC.  The liver and spleen ability to retain the PL 

drug carriers (high retention coefficients Kpli, Kps) exhibited the most significant difference 

between the naïve and APA+ cohorts and subsequently appeared to be the driving parameters in 

this system, distinguishing the cohorts of mice with and without APA.  The liver and spleen 

permeability to PLs, controlled by frli, frs, restrict the amount of drug accessible to the liver and 

spleen; these properties are not greatly affected by APA status, indicating that, mechanistically, 

the difference in clearance driven by APA is attributed to APA binding to PL and retaining it in 

the liver once extravasated as APA/PL immunocomplexes (e.g., via affinity to LSECs or Kupffer 

cells, found in the tissue/interstitial sub-compartment).  However, the APA do not necessarily 

speed the process of exposing the liver to the drug, which would be a process limited by delivery 



50 

via blood flow or capillary permeability and reflected in greater sensitivity to drug permeability.  

This was not the case reflected in the model or the data.  Increased total drug uptake in the liver 

and spleen is further evidenced in comparing the time series for PET signal and AUC values 

between the cohorts. We have identified that the retention process in the liver, attributed in the 

model to Kpli and caused physiologically by antibodies cross-linking PL in the liver, is primarily 

responsible for the increased liver uptake. This is the greatest difference between the mice in the 

APA+ vs. naïve cohorts. 

We acknowledge that the model system has a large number of parameters, and there is 

always a possibility of multiple optimal parameter ranges consistent with the experimental data.  

However, we are encouraged by the consistent clustering between mice and the ability of LHS to 

distinguish naïve and APA+ mice by their non-overlapping ranges for liver and spleen 

permeation and retention properties, while also revealing greater variability in APA+ mice. 

While other approaches to parameter estimation, such as Markov Chain Monte Carlo, have been 

demonstrated for other dynamical systems [45, 46], LHS was able to afford valuable insights at a 

reduced computational cost.  

Overall, these data-based analyses provide a means to further our understanding of the 

driving physiological processes behind accelerated clearance, and to begin to consider strategies 

for overcoming APA-mediated accelerated clearance. 
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CHAPTER 3: HIGH MW PEG RESTORES PROLONGED CIRCULATION OF 

KRYSTEXXA IN MICE WITH ANTI-PEG ANTIBODIES3 
 

Summary 

Krystexxa® (PEG-uricase) is an enzyme used to reduce serum uric acid levels in patients 

with chronic, treatment-refractory gout. Clinically, about 40% of patients develop anti-PEG 

antibodies (APA) after initial treatment, which in turn quickly eliminate subsequent doses of 

Krystexxa from the systemic circulation and render the treatment ineffective. We previously 

found that pre-infusion with high MW free PEG (40 kDa) can serve as a decoy to saturate 

circulating APA, preventing binding to a subsequently administered dose of PEG-liposomes and 

restoring their prolonged circulation in mice, without any detectible toxicity.  Here, we 

investigated the use of 40 kDa free PEG to restore the circulation of radio-labeled Krsytexxa in 

mice using longitudinal Positron Emission Tomography (PET) imaging over 4 days.  Mice 

injected with Krystexxa developed appreciable APA titers by Day 9, which further increased 

through Day 14.  Compared to naïve mice, mice with Krystexxa-induced APA rapidly cleared 

89Zr-labeled Krystexxa, with ~75% lower Krystexxa levels in the circulation within the first four 

hours, and the bulk of the drug cleared to the liver and spleen within 24 hrs.  In contrast, pre-

infusion of free PEG into PEG-sensitized mice restored the AUC of PEG-uricase to ~80% of that 

seen in naïve mice, resulting in a similar biodistribution to Krystexxa in naïve mice over time.  

 
3 This chapter is adapted from a preprint of an article submitted to the Journal of Controlled Release. The original 

citation is as follows: 

Talkington A.M., McSweeney M.D., Zhang T., Li Z., Nyborg A., Livingston E.W., Frank J.E., Yuan H., Lai S.K. 

“High MW PEG restores prolonged circulation of Krystexxa in mice with anti-PEG antibodies,” Journal of 

Controlled Release (submitted). 
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These results suggest that pre-infusion of free PEG may be a promising strategy to enable the 

safe and efficacious use of Krystexxa in patients that have previously failed therapy due to 

induced APA. 

 

Introduction 

Krystexxa®, a PEGylated uricase enzyme comprised of roughly five molecules of 10 

kDa PEG chains conjugated to each uricase molecule [1], is currently the only FDA-approved 

treatment for severe, treatment-refractory chronic gout, a type of inflammatory arthritis affecting 

~25,000-100,000 patients in the U.S. each year [2]. Its mechanism of action is based on the 

circulating uricase enzyme breaking down uric acid in the circulation, resulting in a gradual 

reduction or elimination of the tophi (uric acid crystals in the joint) responsible for the 

underlying inflammation with gout. Naturally, maintaining sustained serum levels of 

Krystexxa® adequate to suppress uric acid levels is essential for its efficacy, and represent the 

major reason why the treatment is administered by IV infusion every 2 weeks. Unfortunately, 

over 40% of patients treated with Krystexxa develop high titers of anti-PEG antibodies (APA) 

[3-7].  The induced APA lead to rapid elimination of Krystexxa from the systemic circulation, 

rendering the treatment ineffective [3] with no alternative interventions available for tens of 

thousands of patients in the U.S. each year.  

Given the urgency of this challenge, a number of companies and investigators have 

sought to advance alternatives to Krystexxa. These interventions typically involve either 

modifying a uricase enzyme with different polymers [8-15], and/or combining a uricase 

molecule with some form of immunosuppression [16, 17].  When searching for a solution to 

overcome the challenges presented by APA, we were drawn to the safety and relative 
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immunological inertness of free PEG administered IV [18-23]. This contrasts to when PEG is 

conjugated to select proteins or liposomes, which can be inherently immunogenic [14, 22, 24, 

25].  We hypothesized that the infusion of free-PEG could competitively inhibit pre-existing 

APA from binding PEGylated drugs, providing a safe, effective, and readily clinically 

translatable intervention that restores the safe and efficacious use of PEGylated drugs adversely 

impacted by APA. In support of our hypothesis, we found that in mice with APA levels matching 

high APA titers found in the general population, injection of 40 kDa free PEG increased the 

amount of circulating PEG-liposomes 48 hrs post-infusion by >100-fold compared to similarly 

PEG-sensitized mice treated with either PBS or 10 kDa free-PEG, restoring PEG-liposome 

concentrations to a level comparable to naïve mice with no APA [26]. Importantly, the toxicity 

profile of the chronic administration of free PEG to PEG-sensitized mice (including complete 

blood counts, renal function assays, and liver/kidney histology) were indistinguishable from 

control groups treated with PBS.  More impressively, repeated dosing of free PEG did not 

stimulate additional APA secretion, even in mice that had been previously sensitized to produce 

APA, and a single dose of 40 kDa free PEG suppressed APA induction for 3 months [27].  

Building off of these promising findings, we sought to investigate in this study whether 

infusion of 40 kDa free PEG would restore the efficacy of Krystexxa in the presence of 

Krystexxa-induced APA.  The urate oxidase knockout mouse model is exceptionally difficult, 

and the pharmacokinetics (PK) profile of Krystexxa is highly predictive of its efficacy.  Thus, we 

decided to evaluate the effectiveness of pre-infusion of 40 kDa free PEG in restoring the efficacy 

of Krystexxa by monitoring the PK profile of 89Zirconium-labeled Krystexxa in real time using 

Positron Emission Tomography (PET) imaging in live animals.  Similar to our earlier studies, we 
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found that pre-infusion of free PEG was an exceptionally simple yet effective means of restoring 

the prolonged systemic circulation of Krystexxa in mice with high titers of APA. 

 

Results 

Mouse model of Krystexxa-induced APA 

Clinically, Krystexxa is administered via IV infusion once every 2 weeks, and APA-

mediated rapid elimination of Krystexxa is often observed as quickly as by the second dose, 

implying that high APA titers are induced within 2 weeks of the first infusion [3].  Although 

Krystexxa-induced APA is readily apparent in clinical studies, its immunogenicity profile in 

mice is not well understood, as prior studies did not assess potential induction of APA.  To 

mimic its use in humans, we injected Krystexxa via the tail vein into immunocompetent BALB/c 

mice on Day 0, and quantified anti-PEG IgG and IgM on both Day 9 and Day 14 (Figure 3.1A, 

B).  In good agreement with clinical reports, we detected a considerable increase of IgG and IgM 

APA across this duration, with a rapid increase between Day 9 and Day 14 (Figure 3.1B, C).  

Indeed, anti-PEG IgG was increased from ~1.7 ± 0.9 µg/mL on Day 9 to ~10.4 ± 7.3 µg/mL by 

Day 14, whereas anti-PEG IgM was increased from ~0.4 ± 0.3 µg/mL on Day 9 to ~2.6 ± 2.3 

µg/mL by Day 14.  Our findings are consistent with the literature showing that anti-PEG immune 

response to pegloticase increases after 1 week [28].  These induced levels of APA by Krystexxa 

in mice parallels the highest levels of APA we had previously detected in blood samples from the 

general healthy population [29], but remains substantially lower than the APA levels induced by 

IV infusion of PEG-liposomes in mice [27, 30]. 
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Figure 3.1. Study Design and Induction of APA.  (A) Study design and experimental timeline. 

(B) Average anti-PEG IgG and IgM in mice 9 and 14 days after initial Krystexxa infusion on 

Day 0.  Changes in (C) IgG and (D) IgM APA levels in mice from Day 9 to Day 14. 

 

PET imaging for assessing the PK profile of 89Zr-labeled Krystexxa 

After confirming that Krystexxa induced substantial APA titers within 2 weeks, we next 

performed a PET/CT study in the same animals assessing the impact of APA on the circulation 

of radiolabeled Krystexxa (Figure 3.2).  We assigned APA+ mice randomly into two groups 

(placebo control vs. free PEG treated; Figure 3.3), and also included naïve Balb/c mice (i.e., not 

PEG-sensitized) that served as a negative control to represent the normal PK profile of 

Krystexxa. To assess the PK of Krystexxa in the same mice over time, Krystexxa was modified 

with chelator cheisothiocyanatobenzyl-desferrioxamine, which was then labeled with 89Zr [31]. 

All mice received either saline or free PEG intravenously.  45 min later, mice were injected with 

a bolus of 89Zr-Krystexxa (4.1±1.3 MBq), followed immediately with a 60 min dynamic PET 

scan. CT was conducted afterwards.  Repeated PET/CT scans were conducted at 4, 24, 48, 72, 

and 96 hours post the injection of 89Zr-Krystexxa.  The group information was masked out 

during image acquisition and image analysis. 
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Figure 3.2. PET/CT Imaging of Mice. PET/CT imaging was performed at different time points 

to assess pharmacokinetics and biodistribution of 89Zr-Krystexxa in 3 cohorts: naïve mice 

infused with saline before Krystexxa, PEG-sensitized (APA+) mice infused with free PEG prior 

to Krystexxa, and PEG-sensitized (APA+) mice infused with saline prior to Krystexxa.  Single 

PET coronal sections were overlayed on CT MIP images to represent the distribution of 89Zr-

Krystexxa over time. 
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Figure 3.3. Distribution of Induced APA in Mice. Distribution (mean and SD) of induced (A) 

IgG and (B) IgM levels in all mice.  IgG and IgM levels were not statistically different between 

the two groups (two-tailed Welch’s t-test). 

 

Almost immediately, the APA-mediated clearance was apparent in the APA+, saline-

treated cohort, as evidenced by the steep downward trend in plasma Krystexxa levels in the first 

hour after injection, corresponding with an upward trend in hepatic Krystexxa signal (Figure 

3.4A, B).  In contrast, the plasma concentration of Krystexxa in the naïve and free PEG-treated 

APA+ cohorts remained at a much higher level.  This trend continued and became even more 

pronounced by 4 hours post injection.  Early clearance was notable in the kidney and lung in the 

APA+, saline-treated mice, with corresponding accumulation in the liver during the first 4 hours 

post injection (Figure 3.4C, D).  This is consistent with prior reports suggesting that APA may 

mediate accelerated blood clearance through the formation of small immune complexes, driving 

FcgR11b-mediated clearance by liver sinusoidal endothelial cells [32], or through alternative 

activation of complement, broadly driving phagocyte-mediated clearance [33].  Signal in the 

muscle does not differ notably between the groups (Figure 3.4E). 



63 

 

Figure 3.4. Mean Krystexxa Levels Through 4h. Mean Krystexxa levels over the first 4h in 

(A) plasma, (B) liver, (C) kidney, (D) lung, and (E) muscle, as determined by PET/CT imaging. 

Solid black circle represents naïve mice pre-infused with saline prior to Krystexxa dosing; solid 

blue square represents PEG-sensitized mice pre-infused with 40 kDa free PEG prior to 

Krystexxa dosing, and solid red triangle represents PEG-sensitized mice pre-infused with saline 

prior to Krystexxa dosing. Error bars represent standard deviation. 

 

The amount of Krystexxa in the circulation in APA+, saline-treated mice continued to 

decline after the first four hours, and less than 5% of the injected dose remained in the circulation 

after 24 hrs (Figure 3.5A).  Overall, the detectible levels of circulating Krystexxa in the four 

APA+ mice were 66%, 20%, 7%, and 4% of the average concentration seen in naïve mice at 24 

hrs (Figure 3.5A), with a greater degree of reduction corresponding to a greater APA titer 

observed at baseline (3, 5, 24, 18 µg/mL respectively).  APA-mediated clearance of Krystexxa 

resulted primarily in deposition in the liver, with nearly 60% of the injected dose found in the 

liver after 4 hrs, and ~80% after 24 hrs (Figure 3.5B).  Due to the rapid hepatic accumulation in 

mice with APA at baseline who were not pre-treated with free PEG, less Krystexxa was found in 

both the kidneys and lungs at all times during the study in these animals (Figure 3.5C, D).  APA 
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did not alter the amount of Krystexxa found in the muscles, with a very low intensity of 

Krystexxa-associated radioactivity in the observed section of muscle at all timepoints (Figure 

3.5E). 

 

Figure 3.5. Mean Krystexxa Levels Through 96h. Mean Krystexxa levels over the first 96h in 

(A) plasma, (B) liver, (C) kidney, (D) lung, and (E) muscle, as determined by PET/CT imaging. 

Solid black circle represents naïve mice pre-infused with saline prior to Krystexxa dosing; solid 

blue square represents PEG-sensitized mice pre-infused with 40 kDa free PEG prior to 

Krystexxa dosing, and solid red triangle represents PEG-sensitized mice pre-infused with saline 

prior to Krystexxa dosing. Error bars represent standard deviation.  (F) Multiple comparisons 

highlighting statistical differences (adjusted p-values) in key organs and time points.  Plasma 

Krystexxa levels are not statistically different between the cohort treated with free PEG and the 

naïve mice through 96 hrs (Welch’s ANOVA, Dunnett’s T3 multiple comparisons).  Liver 

uptake is not statistically between the free PEG-treated cohort and naïve cohort through 96 hrs, 

while both of these groups have significantly less liver accumulation than the untreated cohort at 

the 96 hrs time point (Welch’s ANOVA and Dunnett’s T3, p < 0.05).  Likewise, the free PEG-

treated and naïve cohorts do not statistically differ through 96 hrs in the kidney and lung, 

whereas the untreated cohort with APA has greater clearance at the earlier time points (Welch’s 

ANOVA and Dunnett’s T3, p < 0.05).  Muscle Krystexxa levels do not significantly differ 

between cohorts (Welch’s ANOVA). 
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After PET-imaging at 96 hrs, we sacrificed the mice, harvested the blood and organs, and 

assessed the amount of radioactivity in all tissues using a traditional gamma counter.  The 

amount of Krystexxa remaining in the blood as well as the relative amounts in different organs 

(measured via gamma counter) were in good agreement with the amounts estimated based on 

PET/CT imaging.  These results validated our use of PET/CT imaging to assess the real-time 

pharmacokinetic profile of Krystexxa in live animals. 

 

Free PEG infusion restores prolonged circulation profile of Krystexxa and delays 

distribution to the liver 

 

Unlike APA+ mice treated with saline, the amount of circulating Krystexxa in APA+ 

mice treated with free PEG was restored to nearly the same high concentrations seen in naïve 

mice over the first 48 hrs.  Although apparent differences began to emerge at the 72 hrs and 96 

hrs time points, with a relative decline in the free PEG-treated animals, this decline was not 

statistically significantly different from the animals without APA (applying Welch’s ANOVA 

followed by Dunnett’s T3 multiple comparisons test) (Figure 3.5A). The similar PK profiles 

were corroborated by a near-identical biodistribution profile seen between APA+, free PEG-

treated mice vs. naïve mice over the first 48 hrs, with differences in amounts found in the liver, 

kidney and lung beginning to emerge only at the 72 hrs and 96 hrs time points (Figure 3.5B-D). 

The amount of Krystexxa found in the muscles was not statistically different from naïve mice or 

APA+, saline-treated mice at any of the later time points (Welch’s ANOVA) (Figure 3.5E).   

Based on the amounts of 89Zr-Krystexxa detected in the blood and different organs over 

time, we calculated the AUC of Krystexxa in different organs over the first 96 hrs for the 

different treatment groups, which we used to compare the effectiveness of free PEG in restoring 
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the PK of Krystexxa.  Compared to naïve mice, the presence of APA reduced the blood AUC0-96h 

of Krystexxa by over 70% (Figure 3.6A).  In contrast, free PEG infusion mitigated much of that 

loss, with just a ~20% decline in AUC0-96h compared to naïve mice.  Not surprisingly, very 

similar AUC values between naïve mice and APA+, free-PEG treated mice were found for all 

major organs, including the liver, kidney, lung, and muscle (Figure 3.6B, C).  Given the good 

agreement between the estimations of circulating Krystexxa when measured by gamma counter 

or PET, we believe PET/CT provided an accurate estimate of the effectiveness of free PEG.  

       

Figure 3.6. AUC and % AUC Recovered. AUC and % AUC recovered relative to naïve 

animals for (A) plasma, (B) liver, and (C) kidney, lung, and muscle.  Error bars represent 

standard deviation.  One-way ANOVA and multiple comparison testing (Kruskal-Wallis 

followed by Dunn’s; Brown-Forsythe and Welch followed by Dunnett’s T3) demonstrated a 

difference between the Naïve and APA+, saline cohorts (* p < 0.05), whereas the APA+, PEG 

cohort was not significantly different from Naïve.  AUC in all organs in the free PEG-treated 

cohort is similar to AUC in the naïve cohort.  Reported p-values are from Dunnett’s T3 and have 

been adjusted for multiple comparisons.  There is some overlap between the behavior of the 

mouse with low APA in the saline-treated cohort and the mice with high APA in the free PEG-

treated cohort. 
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Increased APA levels correlate to faster elimination of Krystexxa from the circulation to 

the liver 

 

We hypothesized that lower concentrations of APA at the time of administration of 

Krystexxa would lead to slower clearance of Krystexxa from the circulation, since lower APA 

levels should translate to either less APA bound to Krystexxa, or a longer duration before a 

critical threshold of bound APA is achieved.  We thus compared the concentration of APA 

measured at Day 14 (~2-3 days prior to the PET/CT study) to the resulting PK profiles and 

biodistribution in mice.  In good agreement with our expectation, the mice with lower APA titers 

had greater levels of Krystexxa detected in the circulation at all time points studied (Figure 3.7).  

Starting from 24 hrs post-administration, the amounts of 89Zr-Krystexxa detected in the 

circulation in mice with ≥ 5 µg/mL IgG APA were cleared with virtually identical speed and to 

comparable extent, suggesting a critical threshold for APA in the clearance of Krystexxa.  In 

contrast, with ≤ 2.5 µg/mL IgG APA, high to modest quantities of Krystexxa was detectable 

through the first 72 hrs.  By the 96 hrs time point, the amount of Krystexxa in the circulation was 

effectively at background level regardless of the initial IgG APA levels in the PEG-sensitized 

mice (Figure 3.7C, D).  Not surprisingly, we see a similar relationship between circulating APA 

levels and the amount of Krystexxa accumulated in the liver at different time points; mice 

possessing the highest APA titers also had the greatest fraction of injected dose of Krystexxa 

found in the liver, which became apparent as early as 24h. 
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Figure 3.7. %ID as a function of APA. %ID of 89Zr-Krystexxa signal in blood and liver as a 

function of IgG APA in serum, quantified by PET/CT imaging at (A) 24 hrs, (B) 48 hrs, (C) 72 

hrs, and (D) 96 hrs post infusion.  (E) Gamma counter measurements of radioactivity in excised 

organs at 96 hrs confirms the trends observed by PET/CT data. 

 

Free PEG infusion is effective across a range of APA titers 

At very high APA levels, it is mathematically more difficult for free PEG to saturate all 

circulating APA and competitively inhibit APA from binding and clearing Krystexxa from the 

circulation.  We thus correlated the measured APA levels to the observed PK.  At modest APA 

titers that led to rapid clearance of Krystexxa in placebo control mice, the infusion of free PEG 

afforded near-complete restoration of the Krystexxa PK and biodistribution profiles (Figure 3.7).  

Even at the highest APA titer (17 µg/mL), free PEG infusion restored ~60% of the AUC for 

levels of Krystexxa in the circulation.  These results underscore the ability for free PEG infusion 

to overcome a range of APA titers to extend the circulation of PEG-uricase, allowing it to 

continue to reduce serum uric acid levels. 
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Discussion 

As a result of the increasing number of PEGylated therapeutics authorized for human use, 

including the recent Pfizer/BioNTech and Moderna COVID mRNA vaccines, there has been 

increasing attention on the potential induction of APA, since APA may render select PEGylated 

therapies unsafe and/or not efficacious in some patients.  For instance, Hershfield et al. found 

that over 60% of patients with APA experienced an adverse event after receiving pegloticase [3].  

While Krystexxa is the foremost example for APA-induced loss of efficacy of a PEGylated drug, 

there are other PEGylated drugs whose efficacy are also impacted by APA.  This includes 

Oncospar, a PEG-asparaginase used as part of frontline therapy for acute lymphoblastic leukemia 

in young children. The high failure to respond to Oncospar treatment, nearly 1 in 3, is strongly 

associated with the presence of APA [28, 34-36]. Evidence is emerging for other PEGylated 

drugs, including pegnivacogin, where acute severe allergic response is attributed to APA-

mediated complement activation [37].  Thus, there is considerable urgency in developing 

interventions that could mitigate the loss of efficacy and increased incidence of adverse events 

due to APA.   

While an array of new molecules is under active clinical development, given the 

exorbitant costs and long timelines in advancing new therapeutic molecules through clinical 

studies, it is far more attractive to develop an intervention that is PEG-specific, and can restore 

the efficacy of a multitude of PEGylated therapeutics.  Here, building off of our recent work 

utilizing free PEG as a decoy that binds circulating APA and competitively inhibits APA from 

binding to PEG-liposomes, we evaluated whether a similar strategy could also effectively restore 

the prolonged circulation of Krystexxa.  At low to moderate APA levels that are induced by 

Krystexxa, we showed that a simple prior infusion of free PEG was able to restore nearly 80% of 
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the AUC for amount of Krystexxa in the circulation of naïve mice, with virtually no difference in 

the PK and biodistribution profiles over the first 48 hrs. Even at the highest APA titers, free PEG 

infusion appeared to recover ~60% of the AUC.  Based on allometric scaling of mouse to 

humans, we believe this effect is likely meaningful clinically: the half-life of Krystexxa in naïve 

mice from our study was ~30 hours, in good agreement with other studies [1, 38], whereas the 

median half-life of Krystexxa in patients is 214 hours, with the elimination likely driven by 

renal/urinary excretion [39].  In contrast, the half-life of Krystexxa in APA+ mice without free 

PEG intervention was ~12 hours.  These results would suggest the free PEG intervention may 

restore the prolonged circulation of Krystexxa for many days in patients whose APA would 

otherwise quickly clear Krystexxa and render the treatment ineffective.   

Our approach with using free PEG to specifically saturate APA contrasts with current 

approaches focused on broad immunosuppression.  Broad immunosuppression can carry 

significant side effects [40]. For instance, treatment with mTOR inhibitor or methotrexate has 

been associated with increased risk of infection or sepsis [41-43].  Our approach also contrasts 

sharply with the use of alternative polymers to replace PEG.  Although many alternatives to PEG 

are under active investigation [9, 10, 12, 44], it remains unclear if any will possess the same 

degree of safety in humans as PEG, or even if they would be less immunogenic. Furthermore, 

given the enormous costs to bring a new treatment to market and the large number of PEGylated 

drugs in clinical development, we believe the most cost effective and readily translatable 

approach is to specifically inhibit APA from binding to PEGylated drugs, rather than develop 

new substitutes for each impacted PEGylated drug.  

Although it may seem paradoxical to overcome anti-PEG immunity by dosing in 

substantial doses of PEG, our approach is rooted in decades of prior studies that found PEG 
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immunogenicity to primarily result from grafting PEG to proteins or lipids, and that 

immunogenicity of the compounds is related to the immunogenicity of the proteins themselves 

[14, 22, 25, 28].  In other words, PEG may act as a hapten that elicits an immune response only 

when attached to a large carrier such as a protein or lipid drug carriers.  A large number of 

preclinical studies have investigated the safety of infusing simply high MW PEG: beyond the 

occasional observation of benign PEG-related vacuolation in select tissues, the infusion of free 

PEG has generally been exceptionally safe [45], and no evidence of deposition of immune 

complexes in kidney that may lead to inflammation and glomerular disease [21, 46].  Thus, the 

infusion of free PEG effectively shifts the potential immunogenicity profile of a treatment, from 

the more immunogenic form of PEG associated with a protein or lipid, to the less immunogenic 

form of free PEG alone.  It is certainly possible to saturate APA by simply dosing more 

PEGylated drugs. However, increasing the dose and/or adjusting the dosing frequency, 

particularly for drugs with dose-limited toxicity, is not only time-consuming but may yield 

unintended toxicities associated with the active molecule.  

Based on the same principles of presenting PEG-decoys to saturate APA, one may obtain 

similar benefits of prolonging the systemic circulation of a PEGylated drug in APA+ animals by 

pretreating with empty PEG-liposomes. Indeed, Szebeni et al. elegantly showed that low-dose 

pre-infusion of Doxebo (empty PEG-liposomes) can block an anaphylactic response to 

subsequent doses of Doxil [47].  However, we believe free PEG offers unique advantages over 

PEG-liposomes.  First, free PEG is far less immunostimulatory than PEG-liposomes, which can 

elicit much greater APA production [22, 24, 48, 49]. We can more readily achieve a substantial 

molar excess with free-PEG:APA than PEG-liposomes:APA; this in turn limits the formation of 

immune complexes with multiple anti-PEG B-cell receptors on APA-secreting B-cells, a 
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necessary event to stimulate B-cell expansion and APA secretion. Finally, no PEGylated 

intervention can be more cost-effective than free-PEG, since USP-grade PEG is readily 

available. All these factors contributed to our decision to pursue the use of free-PEG to overcome 

APA, rather than develop more complex interventions that may be scientifically novel but face 

significant developmental hurdles. Despite its simplicity, we found free PEG to limit short term 

APA induction to an extent not statistically different than PEG-liposomal doxorubicin (PL-dox) 

and rapamycin (PL-rapa) that directly kill or block proliferation of APA-specific B-cells, 

respectively [27]. Free PEG also appeared to provide long lasting suppression of APA induction 

(over 77 days), whereas PL-dox and PL-rapa both failed to provide meaningful suppression of 

APA induction beyond the first 21 days [27].  Coupled with our current results, we believe free 

PEG infusion appears to be a promising intervention to overcome APA-mediated clearance of 

PEGylated therapeutics. 

 

Methods 

Mouse model and induction of APA   

Animal procedures used in this study were approved by the University of North Carolina 

at Chapel Hill’s Institutional Animal Care and Use Committee.  BALB/c mice aged 4-5 weeks 

were obtained from Charles River Labs and allowed to acclimate so that they would be young 

adults by the time of study.  To account for potential sex differences, half the mice in each cohort 

were male and half were female.  On Day 0, 10 mice were injected IV with 150 µL Krystexxa 

solution dosed at 0.9 mg/kg.  This produced a controlled immune response study range through 

approximately 2-20 µg/mL anti-PEG IgG (Figure 3.3).   
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Collection of plasma for quantitating APA titers   

At periodic time points (Day -1, Day 9, Day 14), mice were bled via mandibular bleed 

(200 µL whole blood).  The blood was kept in EDTA tubes on ice.  Samples were then 

centrifuged at 2000 rcf for 15 minutes and the plasma was stored at -80 oC.  Samples were 

thawed and kept at 4 oC for short-term processing.  All plasma samples were subjected to exactly 

1 freeze-thaw cycle.  

 

Measurements of anti-PEG IgG and IgM   

Anti-PEG IgG and IgM levels were determined via competition ELISA based on 

previously established protocols [27].  96-well plates were coated overnight at 4 oC with DSPE-

PEG5000, and blocked with 5% milk in 1x PBS at room temperature for 1 hr. Plasma samples 

were diluted 50-fold in 1% milk with or without 8 kDa free PEG.  Plates were incubated 

overnight at 4 oC, followed by washing.  Then, goat anti-mouse IgG (Invitrogen, A28177, lot 

TG2596484) or IgM (ThermoFisher Life Technologies, 626820, lot QB215229) conjugated to 

HRP was added to the wells, incubated at room temperature for 1 hour, and washed.  Finally, 

TMB was added to the wells, and after a waiting period, the conversion was stopped with 1N 

HCl.  The plates were read at 450 and 570 nm, and 5-parameter logistic regression was 

performed on the standard curves.  All individual specimens were measured in duplicate within 

an experiment, and 2 independent experiments were performed for all samples, with reported 

values an average of all measurements.  All absorbance values, after subtracting the 

corresponding PEG-competition wells, were compared to APA isotype standards to determine 

the precise IgG and IgM APA in the specimens on a mass concentration basis.  Standards were 
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made from mouse anti-PEG IgG (Silver Lake, CH2076, lot K0868) and IgM (Academia Sinica, 

AGP4 (AGP4-PABM-A)). 

 

Radiolabeling of Krystexxa  

Krystexxa was provided by Horizon Pharma and stored according to instructions until 

use. To radiolabel Krystexxa for PET imaging, we conjugated ~130 µg of Krystexxa via Df 

chelation (p-SCN-Bn-Deferoxamine, lot B70510004-150407) targeting free amine groups on 

available lysine.  The Krystexxa-chelator conjugate was purified using a PD-10 column to 

remove unreacted chelator.  The Df-Krystexxa was then labeled with 89Zr in two batches [31].  

The first batch produced 46% yield (3.5 mCi with 65 µg Df-Krystexxa, received 1.6 mCi), and 

the second batch produced 80% yield (1 mCi with 65 µg Df-Kryxtexxa, received 0.8 mCi).  The 

samples were combined to form the solution dosed to the mice.  

 

Mouse PET/CT Study  

On Day 16/17, the mice were prepared for PET/CT imaging using a small animal 

PET/CT imaging system (SuperArgus 4R, Sedecal Inc., Spain).  The APA+ mice were randomly 

divided into two groups (saline placebo control vs. free PEG treatment). A group of naïve Balb/c 

mice (i.e., not PEG-sensitized) was included as a negative control.  A 1.5%-2.5% isoflurane-

oxygen gas mixture was used to anesthetize the mice. All mice received either saline (for naïve 

group and placebo group) or 40 kDa free PEG (550 mg/kg) by slow infusion through tail vein 

catheter over 2 min. Group information was blinded to the animal treatment handler.  Mice were 

then placed in a multi-animal imaging cradle in groups of 4 for simultaneous imaging.  After 45 
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min, the mice received a bolus injection of 89Zr-Krystexxa (4.1±1.3 MBq, equivalent to ~4.7 µg 

of Krystexxa in mass), followed immediately with dynamic PET scan for 60 mins.  CT was 

conducted afterwards for anatomical reference.  Repeated PET/CT scans were conducted at 4, 

24, 48, 72, and 96 hours post injection of 89Zr-Krystexxa.  For the first 1-hour dynamic scan, 

images were binned into 19 frames with the following scheme: 6x10s, 4x30s, 2x60s, 3x300s, and 

4x600s. The static scans at later time points were acquired for 20 minutes.  3D-OSEM 

algorithms with scatter, attenuation, and decay correction were used to reconstruct the PET 

images.  For image analysis, PET and CT images were first registered and regions of interest 

(ROIs) were drawn in major organs for ROI-based PET image analysis. The standardized uptake 

value (SUV) and %ID/g were reported as the quantitative measure of the uptake level in each 

organ and tissue.  %ID for each organ was further calculated by multiplying %ID/g with the 

estimated organ mass based on the empirical estimation [50-52].  All the analysis procedures 

were conducted using PMOD software (version 3.9).  After the PET scan at 96 hrs, the mice 

were sacrificed.  The liver, lung, spleen, kidney, and muscle tissue were harvested, as well as 

organs that did not account for substantial uptake including the heart and brain.  Blood samples 

were centrifuged for separation into “plasma” and “blood cells and other sediments.”  Heart and 

lung tissue were flushed with saline and dried with gauze before gamma counting.  Gamma 

counter readings were performed on collected specimens to quantify 89Zr activity.  
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CONCLUSION 

 The 8-compartment PBPK model, presented in this thesis, combined with 

experimentation, demonstrates the potential to predict the extent of and the mechanisms behind 

APA-mediated ABC.  Furthermore, the results suggest free PEG intervention as a promising 

strategy to alleviate the altered PK as a result of ABC, restoring the biodistribution of a 

PEGylated therapeutic to trends comparable to the naïve cohort even in mice with moderately 

high APA titers.  Increasing a drug’s plasma circulation time increases the potential for the drug 

to be effective.  Hence, implementing such a strategy would be invaluable for improving the 

accessibility of PEGylated drugs for patients who could greatly benefit from the treatments but 

are unable to tolerate them due to APA-related adverse reactions. 

Future work involves expanding the multi-compartment PBPK model to account for the 

differential binding of anti-PEG IgG and anti-PEG IgM, as well as explicitly incorporating the 

competition behavior between free PEG and the PEGylated drug carriers as the IgG and IgM 

bind to and clear both PEGylated species.  Continuing to expand on this model introduces the 

potential to predict a more efficient dosing regimen for free PEG – for example, whether it can 

be pre-mixed with the drug, whether a lower dose of PEG will produce comparable PK trends, or 

whether we can expect to see even greater improvement from the intervention at high APA titers.  

The model predictions for the effect of PEG dosing, combined with experimental data, will allow 

us to assess the costs and benefits of reducing the amount of free PEG injected.  The goal is to 

optimize the strategy so that the patient could reap the benefits of the intervention (maximize 
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circulation of Krystexxa) without the need to inject extraneous PEG (minimize the dose of free 

PEG).  

Future experimental projects aim to address whether the PK trends observed for 

Krystexxa hold in a setting more closely designed to simulate clinical treatment, i.e., after 

repeated dosing at 2-week intervals.  In observing the biodistribution of a dose of radiolabeled 

Krystexxa at the end of 2 months, in addition to our detailed characterization of the second dose 

PK at the 2-week timepoint, we can infer a greater sense of how APA induced over time affect 

the biodistribution of Krystexxa in a population receiving the treatment at regular intervals.  

Thus, we can infer how PK (and by extension efficacy) can be altered over the duration of 

treatment.   

Finally, scaling up to larger animal studies is the next step in working towards the 

translational implications of our PEG research.  A swine model exhibits an anaphylactic response 

more similar to that of humans than the initial mouse model.  Therefore, it is a suitable model for 

testing and confirming that (1) the free PEG itself is not immunogenic, (2) free PEG restores 

Krystexxa circulation to naïve-like levels in the plasma, and (3) free PEG holds the potential to 

suppress anaphylaxis as well as restore the PK profile.  Demonstrating this would confirm a 

valuable strategy to increase the efficacy and mitigate the risk of PEGylated drugs in patients 

with APA.  

As this work progresses, we will continue to leverage the intersection of PBPK model 

predictions and experimental data in the process of scaling up to develop an intervention for 

APA-mediated ABC with clinical potential. 


