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Abstract

The interactions between polymers and the immune system remains poorly controlled. In some 

instances, the immune system can produce antibodies specific to polymer constituents. Indeed, 

roughly half of pegloticase patients without immunomodulation develop high titers of anti-PEG 

antibodies (APA) to the PEG polymers on pegloticase, which then quickly clear the drug from 

circulation and render the gout treatment ineffective. Here, using pegloticase as a model drug, 
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we show that addition of high molecular weight (MW) free (unconjugated) PEG to pegloticase 

allows us to control the immunogenicity and mitigates APA induction in mice. Compared to 

pegloticase mixed with saline, mice repeatedly dosed with pegloticase containing different MW 

or amount of free PEG possessed 4- to 12- fold lower anti-PEG IgG, and 6- to 10- fold lower 

anti-PEG IgM, after 3 rounds of pegloticase dosed every 2 weeks. The markedly reduced APA 

levels, together with competitive inhibition by free PEG, restored the prolonged circulation of 

pegloticase to levels observed in APA-naïve animals. In contrast, mice with pegloticase-induced 

APA eliminated nearly all pegloticase from the circulation within just four hours post-injection. 

These results support the growing literature demonstrating free PEG may effectively suppress 

drug-induced APA, which in turn may offer sustained therapeutic benefits without requiring broad 

immunomodulation. We also showed free PEG effectively blocked the PEGylated protein from 

binding with cells expressing PEG-specific B cell receptors. It provides a template of how we may 

be able to tune the interactions and immunogenicity of other polymer-modified therapeutics.
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1. Introduction

Polyethylene glycol (PEG), due to its ability to resist protein adsorption, limit immuno-

stimulation, and reduce clearance by the reticuloendothelial system, has been widely used 

to extend the circulation times of protein and nanoparticle therapeutics [1–4]. Unfortunately, 

recent animal and human studies have shown that anti-PEG antibodies (APA) can be induced 

by select PEGylated therapeutics [5–8]. Furthermore, while the majority of the general 

population possess low titers of pre- existing APA, a small fraction can possess substantial 

titers, comparable to levels seen in patients with drug-induced PEG immunity [9]. The high 

prevalence of individuals with detectible levels of APA implies the presence of immune 

memory against PEG that could lead to rapid APA induction in these individuals. Regardless 

of whether APA is pre-existing or acutely induced, high titers of APA in serum can quickly 

bind to PEGylated drugs in circulation [10, 11]. This results in rapid hepatic clearance that 

greatly shortens the circulation kinetics of the PEGylated drugs, termed accelerated blood 
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clearance (ABC), and renders the drugs non-efficacious and potentially less safe [11, 12]. In 

light of the increasing number of PEGylated therapeutics that are either FDA approved or 

in clinical development, there is an urgent need to develop interventions that can limit APA 

induction and restore the safe and efficacious use of PEGylated drugs in patients at risk of 

developing high APA titers.

Gout is a debilitating and painful inflammatory arthritis, characterized by high levels of 

uric acid in the serum and the deposition of uric acid crystals in the joints. An obvious 

therapeutic strategy in the management of gout is to reduce serum uric acid level that 

in turn may decrease urate deposits and alleviate clinical symptoms. In patients with 

uncontrolled gout, sustaining high uricase levels thus offers the potential to address the 

root cause of the disease. KRYSTEXXA® (pegloticase), a PEG-conjugated enzyme that 

degrades uric acid to allantoin, is currently the only FDA-approved treatment for severe, 

treatment-refractory chronic gout that affects ~25,000 –100,000 patients in the U.S. each 

year [13]. Pegloticase is comprised of ~40 chains of 10 kDa PEG covalently bound to 

the tetrameric uricase; the PEGylation minimizes immunogenicity against the uricase, and 

prolongs circulation kinetics of the enzyme by reducing the rate of renal clearance due to 

the increased hydrodynamic diameter. Unfortunately, clinical studies have revealed that as 

high as 80–90% of pegloticase-treated patients without immunomodulation instead develop 

antibodies directed against the PEG chains [8, 14]. APA titer directly correlates to reduced 

serum uricase activity, and results in a rebound of serum uric acid levels often within weeks 

of initiating the treatment.

The two most common strategies to limit APA induction and APA-mediated accelerated 

blood clearance of PEGylated drugs involve either replacing PEG with alternative polymers 

[15–19], or utilizing broad immunosuppression to limit APA induction [20–22], such as 

the recent FDA approval of use of methotrexate (MTX) together with pegloticase [23, 

24]. Our group has been pursuing a third strategy, namely relying on unconjugated (free) 

PEG molecules to serve as decoys that competitively inhibit serum APA from binding the 

PEGylated drug, as well as reduce PEGylated drug-mediated stimulation of APA+ B-cells, 

leading to lower levels of induced APA. We previously found that pre-infusion with a large 

dose of free PEG was highly effective at restoring prolonged pegloticase circulation in mice 

with already high titers of pegloticase-induced APA [25]. Nevertheless, there are concerns 

with chronic use of very large doses of PEG, and treatment burden created by a two-step 

infusion regimen. It is also far more attractive to prevent stimulation of APA by reducing the 

immunogenicity of the underlying drug, given the need for redosing. This led us to explore, 

in this work, whether a simple reformulation of pegloticase, based on addition of low doses 

of high MW free PEG to pegloticase, could sufficiently reduce PEG immunogenicity and 

limit APA induction, and in turn sustain prolonged circulation of pegloticase over multiple 

rounds of injection.
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2. Materials & Methods

2.1 In vivo studies of pegloticase with and without co-administration of free PEG mixed 
prior to injection.

BALB/c mice were obtained from Charles Rivers Laboratories. All animal procedures 

in this study were approved by the University of North Carolina at Chapel Hill’s 

Institutional Animal Care and Use Committee. Clinical-grade Pegloticase was obtained from 

Horizon Therapeutics, and stored at 4°C until use. Pegloticase was diluted with different 

concentrations of sterile filtered (5 mg/kg or 50 mg/kg) of 40 kDa PEG (SERVA, 33139) 

or (5 mg/kg) 100 kDa PEG (Sigma, 181986–250G) prior to dosing to mice at 0.15 mg/kg 

pegloticase in 150μL saline. Pegloticase diluted with saline served as negative control (and 

are referred to as pegloticase-only in text). On Days 0, 14 and 28, mice were administrated 

with 150 μL of these solutions through the tail vein. On Days −1, 13, 27 and 41, 200 μL 

whole blood was collected by mandibular bleed. The blood samples were left in tubes with 

EDTA on ice until centrifuged at 2000g for 15 mins at 4 °C. Plasma was then collected and 

stored at −80°C for further analysis.

2.2 ELISA measurement of anti-PEG IgG and IgM.

Anti-PEG IgG and IgM were assessed via competition ELISA designed previously in the 

lab [5, 9]. Briefly, 50 μg/mL DSPE-PEG 5000 (NANOCS, PG1-DS-5K) was incubated 

in non-treated half-area 96-well plates (Corning, 3695) overnight at 4°C. The plates were 

washed three times with PBS, and blocked with 5% non-fat milk (Lab scientific bioKEMIX, 

M0841) for 1 hour at room temperature to reduce non-specific binding. Mouse anti-PEG 

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

were serial diluted in 1% milk to generate standard curves (Supp Figure S1). Samples 

were diluted 100-fold in 1% milk or in 1% milk with 10 mg/mL PEG 8 kDa (Sigma, 

P2139–500G), and measured in triplicate. Herein, large amount of PEG was added as 

competition setup to evaluate the specificity of binding (Supp Figure S2). The plates were 

kept at 4°C overnight, followed by six times washing with PBS. HRP conjugated goat 

anti-mouse IgG (Invitrogen, A28177, Lot#2596484) and goat anti-mouse IgM (Invitrogen, 

62–6820, Lot#WB317635) were added to the wells. After one-hour incubation at room 

temperature and another round of washing, TMB (Thermo Fisher, 34029) was added to the 

plates, followed by 1N HCL ~10 mins later. The absorbance of plates was read at 450 and 

595 nm, and absorbance value of each sample was calculated by subtracting absorbance 

of corresponding competition setup. A 5-parameter regression based on standard curve was 

applied to determine the concentrations of samples. Two independent experiments were 

performed for all samples, and the mean concentrations were reported.

2.3 PET/CT imaging.

[89Zr]-pegloticase was prepared in the BRIC radiochemistry core facility, following previous 

published protocol [26]. Briefly, pegloticase was first reacted with p-SCN-Bn-Deferoxamine 

via deferoxamine (DF) chelation, and pegloticase-chelator conjugate was purified with a 

PD-10 column. 89Zr was then conjugated on pegloticase-chelator conjugate and purified 

right before injection in vivo. On Day 42, all mice received [89Zr]-pegloticase. Naïve 

BALB/c mice (never exposed to any PEG product before) were included as the negative 
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control, and were administrated with [89Zr]-pegloticase with saline. PET/CT imaging 

procedure closely followed previous published protocol with a small animal PET/CT 

imaging system (SuperArgus 4R, Sedecal Inc., Spain) [25]. The mice were anesthetized 

by isoflurane and placed in a multi-animal imaging cradle in groups of 4 for simultaneous 

imaging. Mice received a bolus injection of [89Zr]-pegloticase (4.0 ± 0.3 MBq, equivalent 

mass ~5.2 μg of pegloticase), followed immediately with a dynamic PET scan of 60 

mins. CT was conducted afterwards for anatomical reference. Static PET/CT scans were 

conducted at 1, 4, 24, 48, 72, and 96 hours post injection of [89Zr]-pegloticase. For the 

first 1-hour dynamic scan, images were binned into 19 frames with the following scheme: 

6×10s, 4×30s, 2×60s, 3×300s, and 4×600s. Image data were reconstructed with 3D-OSEM 

reconstruction algorithms with scatter, attenuation, and decay correction. After the PET 

scan at 96 hours, the mice were sacrificed. Blood was collected and organs including 

liver, lung, kidney, heart, and muscle tissue harvested for gamma counting. Blood samples 

were centrifuged to separate plasma from blood cells. Gamma counting was conducted 

using Wizzard2 Gamma Counter (PerkinElmer, Inc. USA). For image analysis, PET and 

CT images were first registered and ROIs were drawn in major organs from CT images 

and superimposed to PET images for ROI-based analysis. Analysis of PET/CT scans was 

performed via PMOD 4.0 software, and standardized uptake value (SUV) of each ROI was 

calculated. %ID/g was reported as the quotient of dividing signal concentration of each ROI 

by decay-corrected injection dose. In this study, we define the total signal of each mouse to 

be the weighted summary of heart and other major organs including liver, kidney, muscle 

and lung, as these organs were the most representative organs regarding drug biodistribution; 

notably, the activity excreted from the bladder was not included. The weighted fraction 

of each organ was determined by the estimated organ mass reported in previous empirical 

estimation [27–29].

2.4 Expression of anti-PEG B cell receptors (BCR) on cells.

We designed an expression plasmid encoding LRRC signal peptide, PEG-binding domain 

(m6.3 IgG), strep tag, CD28 transmembrane domain and CD79β intracellular domain, and 

transfected it into Expi293 cells (A14527, ThermoFisher) [30, 31]. Enhancers were added 

22 hrs later following manufacturer’s protocol. Cells were harvested on Day 2 or Day 3 

for further assays. Expression of anti-PEG BCR on cells were confirmed with anti-strep tag 

antibody-FITC conjugate (A00875–40, Genscript).

2.5 Assessing PEG and model PEGylated protein interactions with anti-PEG BCR+ cells.

BSA was PEGylated by one-hour incubation with FITC-PEG-NHS 3.4K (PG2-FCNS-3k, 

NANOCS) in PBS-EDTA buffer at room temperature, following published protocols [32]. 

Unconjugated PEG was removed by Zeba column (40 kDa cutoff, 87766, ThermoFisher). 

We then incubated 1 × 106 anti-PEG BCR expressing cells with 10ug of BSA-PEG-FITC, 

with or without 1mg of 10 kDa methoxy-PEG (732621, Sigma). Expi293 cells that were not 

transfected were used as negative control to identify binding due to anti-PEG BCR. Cells 

were then assessed by flow cytometry on Attune NxT (ThermoFisher, USA). Only living 

cells, gated with live-dead dye (L34964, ThermoFisher), were included for analysis.
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2.6 Statistical analysis

All data was statistically analyzed with one-way ANOVA followed by Bonferroni-adjust for 

multiple comparisons, Student’s t-test, and nonparametric Spearman correlation using the 

GraphPad Prism software (GraphPad Software Inc., USA). Significance was considered as 

statistical analysis value less than 0.05 (p < 0.05) between groups. * denotes p < 0.05; ** 

denotes p < 0.01; *** denotes p < 0.001.

3. Results

3.1 Addition of free PEG to pegloticase suppresses APA induction in mice

Clinically, pegloticase is given intravenously every two weeks. To mimic this clinical 

scenario, we injected pegloticase intravenously, with or without free PEG added prior to 

injection, into immunocompetent BALB/c mice biweekly on Days 0, 14, and 28. We then 

quantified anti-PEG IgG and IgM levels in serum collected every two weeks starting from 

one day prior the first injection (Figure 1A). Consistent with our previous study [25], and in 

good agreement with clinical observations [33–35], appreciable APA titers were detected in 

the blood by 13 days after the first pegloticase injection, with ~14.8 and ~3.6 μg/mL of APA 

IgG and IgM, respectively. This further increased following the second and third injections, 

to ~58.0 and ~7.0 μg/mL of APA IgG and IgM, respectively by Day 41 (Figure 1B, 1C). 

In contrast, both APA IgG and IgM levels in mice injected with pegloticase containing 

different amounts and MW of free PEG were markedly reduced across the entire study. 

Nearly 2 weeks after the third injection, the average APA IgG levels were ~5.0, ~15.4 and 

~12.0 μg/mL in mice receiving pegloticase together with 5 mg/kg 40 kDa PEG, 50 mg/kg 

40 kDa PEG and 5 mg/kg 100 kDa PEG, respectively, or ~12-, ~4- and ~5-fold lower than 

the APA IgG levels in mice receiving pegloticase alone. Similarly, the inclusion of free 

PEG markedly reduced the average APA IgM, with ~1.1, ~1.2 and ~0.7 μg/mL found in 

mice receiving 5 mg/kg 40 kDa PEG, 50 mg/kg 40 kDa PEG and 5 mg/kg 100 kDa PEG 

together with pegloticase, respectively, representing a ~7-, ~6- and ~10-fold lower APA 

IgM than mice receiving pegloticase administered with saline. We found no changes of 

mice body weight during the study (Supp Figure S3). Since 5 mg/kg of 40 kDa PEG most 

effectively suppressed pegloticase-mediated APA induction, we further evaluated whether it 

can also limit APA induction against larger doses of pegloticase, and observed similar extent 

of APA suppression (Supp Figure S4). Notably, our assay assesses APA that bind to the 

terminal PEG (e.g. methoxy-PEG) or the PEG backbone (anti-PEG antibody) concurrently, 

suggesting that the free PEG intervention could reduce immunogenicity and induction of 

both types of APA (Supp Figure S5). These results strongly underscore the effectiveness of 

adding free PEG to pegloticase in inhibiting pegloticase-induced APA.

3.2 Addition of free PEG to pegloticase maintains prolonged circulation of drug over 
multiple rounds of dosing as revealed by PET/CT imaging study

Since the efficacy of pegloticase therapy is directly related to the level of the drug in the 

circulation, we next evaluated the duration of circulation of pegloticase following multiple 

rounds of injection. The pegloticase pharmacokinetic (PK) profile can be readily measured 

by labeling pegloticase with 89Zirconium ([89Zr]), and quantifying the biodistribution in real 

time via positron emission tomography-computed tomography (PET/CT) imaging in live 
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animals. For this study, we focused on determining the PK profile of pegloticase containing 

5 and 50 mg/kg 40 kDa free PEG injected on day 42 (Groups 2 and 3). We compared these 

data against [89Zr]-pegloticase PK collected in mice that had received the same number 

of injections of pegloticase mixed with saline (Group 1), as well as naïve BALB/c mice 

(without any prior pegloticase-dosing, and thus no detectable APA) co-injected with saline 

and [89Zr]-pegloticase for the first time (Group 4) (Figure 2A). We performed dynamic 

scanning on a small number of animals to determine the biodistribution of pegloticase over 

the first hour post-injection, and collected static scans of PET and CT at select time points 

for all animals (1, 4, 24, 48, 72 and 96 hours). In Group 1 mice with APA induced by prior 

dosing of pegloticase with saline, the injection of [89Zr]-pegloticase on day 42 led to rapid 

label accumulation in liver within the first hour (Figure 2B). The signal in liver saturated 

by 24 hours post-injection, with negligible quantities detected in blood and other organs. 

In contrast, in APA-naïve mice receiving [89Zr]-pegloticase for the first time, as well as 

mice that had received multiple rounds of pegloticase containing 40 kDa free PEG prior to 

the dose of [89Zr]-pegloticase mixed with free PEG, we observed intense radioactive signal 

in the heart over the first 24 hours, indicating high concentration of circulating drugs in 

the blood. In these mice, the PET signal over the mouse body could be readily detected 

across the entire 96-hour duration of the study. In contrast to mice dosed with pegloticase 

diluted in saline, no liver accumulation was observed when free PEG was included with the 

pegloticase.

To assess [89Zr]-pegloticase biodistribution over time, we focused on quantifying the PET 

signal over time in five regions of interests (ROI), including heart (representing plasma), 

liver, kidney, muscle and lung. We first analyzed the dynamic imaging data collected over 

the first hour. In mice with APA induced by repeated injections of pegloticase diluted in 

saline, the level of [89Zr]-pegloticase started to decrease in the blood and other organs and 

increase in the liver within the first five minutes post-injection, and the trend continued for 

the first hour (Group 1; Figure 3A). In contrast, in mice that had been receiving pegloticase 

containing either 5 mg/kg or 50 mg/kg free PEG (i.e., Groups 2 and 3), the concentration 

of [89Zr]-pegloticase in the heart was steady over the first hour, and markedly higher than 

signal in other organs (Figure 3B, 3C). The concentration of pegloticase in the liver of these 

mice was not appreciably different from that of kidney and lung, indicating the absence of 

liver accumulation. The biodistribution of [89Zr]-pegloticase in muscle was negligible in all 

groups.

We next analyzed static scans acquired at 1, 4, 24, 48, 72, and 96 hours post-injection, 

and summarized the changes in mean percent injected dose per gram (%ID/g, adjusted for 

radioactivity decay) of the key ROIs in Figure 4 (signal not adjusted for the radioactivity 

decay of 89Zr was shown in Supp Figure S6). The amount of [89Zr]-pegloticase in the heart 

of mice with high titers of APA induced by repeated injection of pegloticase in saline (i.e. 

Group 1) was under 10% by the 1-hour time point, and under 3% by the 4-hour time point. 

Even at these very early time points, the levels of [89Zr]-pegloticase in the heart was ~16- 

to ~12-fold less than those of mice given either pegloticase in saline for the first time, 

or mice that have received multiple prior rounds of pegloticase containing free PEG. The 

level of [89Zr]-pegloticase in the heart further decreased over the first 24 hours to nearly 

non-detectable levels in mice repeatedly given pegloticase in saline. In contrast, in mice 
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treated with pegloticase containing free PEG, the level of [89Zr]-pegloticase in the heart 

was only very modestly reduced (~12% and ~14% in mice treated with 5 mg/kg and 50 

mg/kg PEG added to pegloticase prior to dosing) compared to naïve mice given pegloticase 

in saline for the first time on day 42. Importantly, the heart concentration only gradually 

decreased over time, with a half-life of roughly 71, 43 and 96 hours in mice receiving 

multiple rounds of pegloticase containing 5 mg/kg and 50 mg/kg of 40 kDa free PEG as well 

as naïve mice receiving pegloticase in saline for the first time, respectively (calculated from 

the 4hr timepoint onwards to reduce the alpha-phase distribution effect). The concentration 

of [89Zr]-pegloticase in heart of mice receiving pegloticase containing 5 mg/kg free PEG 

was not statistically different from those in naïve mice receiving pegloticase for the first time 

at all time points (Table 1). Sustained, high levels of [89Zr]-pegloticase accumulation in the 

liver over the full 96 hours was found in mice receiving repeated co-injections of pegloticase 

in saline only (Group 1), while no significant difference was found between Group 2 and 

Group 4 mice. Statistically difference was only found at the 96 hours post-injection time 

point between mice that had received multiple rounds of pegloticase containing 50 mg/kg 

PEG vs. naïve mice receiving pegloticase for the first time, in both heart and liver. Due to 

the extensive hepatic accumulation, the %ID/g of [89Zr]-pegloticase in kidney and lung were 

both less then 5% in Group 1 mice, compared with appreciably higher levels (5 – 25%) in 

Group 2 – 4 mice. Similar trend was found in spleens (Supp Figure S7). The concentration 

of [89Zr]-pegloticase in muscle was essentially at background levels among all groups of 

mice.

To assess how differences in the measured pharmacokinetics may translate to potential 

activity, we calculated the area under curve (AUC) in heart and different organs from the 

PET imaging over the first four days for each group. Relative to [89Zr]-pegloticase diluted 

in saline given for the first time to APA-naïve mice, the AUC0–96h of [89Zr]-pegloticase in 

the heart was reduced ~95%, ~34% and ~43% in mice repeatedly dosed with pegloticase and 

saline (Group 1), pegloticase containing 5 mg/kg PEG (Group 2) or pegloticase containing 

50 mg/kg PEG (Group 3), respectively (Figure 5A). Not surprisingly, [89Zr]-pegloticase 

AUC0–96h in the liver of mice repeatedly receiving pegloticase in saline only (Group 1) 

was markedly higher than those of other groups (Figure 5B). Corresponding, AUC0–96h 

of kidney and lung in Group 1 mice was remarkedly lower than those in Groups 2–4 

mice. AUC in the muscle is negligible for all groups given limited muscle distribution of 

[89Zr]-pegloticase.

3.3 Correlating heart and liver levels of [89Zr]-pegloticase to serum APA levels.

To further confirm the relationship between APA and [89Zr]-pegloticase distribution, we 

compared the measured [89Zr]-pegloticase levels in the heart and the liver with levels of 

APA IgG measured before the PET/CT study (Figure 6A). In good agreement with our 

expectation, mice with higher serum APA IgG (≥ 30 μg/mL) tend to possess lower levels 

of [89Zr]-pegloticase in the heart (i.e. reflecting levels in the blood) and higher levels in the 

liver (key organ of distribution, see Figure 2), particularly at the shorter time points. At all 

time points, we found a correlation coefficient of ~ −0.73 between APA IgG concentrations 

and plasma levels of [89Zr]-pegloticase (p < 0.01), as well as a correlation coefficient of 

over 0.66 regarding liver levels of [89Zr]-pegloticase (p < 0.01). We also saw a similar 
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relationship between serum APA IgM level and [89Zr]-pegloticase levels in the heart and 

liver (Supp Figure S8). These results are consistent with serum APA as a key mediator of 

rapid clearance of pegloticase from the blood into the liver.

We harvested these organs after the PET/CT study and assessed gamma radiation via gamma 

counter. As expected, results from gamma counter were in strong agreement with the results 

from PET/CT scans (Supp Figure S9). We also found similar correlation between gamma 

counter-derived concentrations of [89Zr]-pegloticase in the blood and liver vs. the serum 

concentration of APA, with greater elimination from the heart to the liver in mice with 

higher APA titers (Figure 6B). We saw a correlation coefficient of ~ −0.58 between APA 

IgG concentrations and gamma counting signal in plasma (p < 0.01), and 0.58 between IgG 

concentrations and gamma counting signal in liver (p < 0.01).

3.4 Free PEG blocked PEGylated protein from binding with APA BCR+ cells.

To begin to understand how free PEG may inhibit APA production, we generated cells 

expressing B cell receptors (BCRs) that can specifically bind PEG, and assessed whether 

free PEG can effectively inhibit interaction between the cells and a model PEGylated 

protein drug (PEG-BSA). Consistent with our expectation, the inclusion of free PEG largely 

abrogated the binding between PEG-BSA and anti-PEG BCR+ cells to level comparable to 

controls cells without anti-PEG BCR (i.e. anti-PEG BCR-) (Figure 7).

4. Discussion

Over the past 20 years, PEG has been perhaps the most used polymer in the formulation of 

various drugs [36, 37]. In addition to protein drugs, PEG is also frequently incorporated in 

various nanoparticles systems, including the recent mRNA COVID vaccines from Pfizer and 

Moderna that have been dosed to more than a billion people worldwide [38, 39]. We believe 

the increasing adoption of PEGylated drugs underscores both the safety of PEG, and also 

the effectiveness of PEGylation as a strategy to enhance circulation and efficacy. We thus 

believe PEGylation will continue to be a mainstay in many therapeutics in the foreseeable 

future, particularly given the increasing number of biologics in clinical development.

Despite the overall success of PEGylation, allergic reactions to PEG have been noted for 

several PEGylated drugs, including PEG-asparaginase, PEG-interferon alpha, PEGylated G-

CSF (pegfilgrastim) and two COVID mRNA vaccines formulated with lipid-PEG conjugates 

[40–44], with typical adverse events ranging from infusion reactions to anaphylaxis [45–47]. 

Reported hypersensitivity was often correlated with the presence of IgG and IgE APA 

[48], and correlation between IgM APA and infusion reactions was also demonstrated in 

a porcine model [49]. Although the precise mechanism of adverse reactions to COVID 

mRNA vaccines in patients with history of allergy remains unclear, some researchers 

have also hypothesized the involvement of APA, due to the inclusion of PEG to stabilize 

mRNA, and the boost of APA in some vaccinated patients [50–53]. APA-induced allergic 

responses, and APA-mediated ABC that compromises the PK, can directly impede the 

safe and efficacious use of select PEGylated drugs. Unfortunately, there is currently no 

readily employable strategy to manage APA, other than to simply discontinue and switch 

treatments, or to employ broad immunosuppression. While there is active interest to develop 
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less immunostimulatory PEGylated therapeutics [15, 54], there is generally no method to 

tune the immunogenicity of existing PEGylated drugs with molecular specificity. These 

realities motivated our group to explore whether high MW free PEG can provide a safe, 

efficacious, and easily translatable solution to enable the use of PEGylated drugs in patients 

at risk of developing substantial APA titers. Our efforts culminated in the current report, 

which demonstrates, for the first time, that co-administration of PEG can both tune the 

immunogenicity and effectively limit APA induction, and prolong the PK and apparent 

circulation of a clinically relevant PEGylated protein drug over the course of multiple rounds 

of injection in mice. We believe the simplicity of the free PEG approach, coupled with the 

effectiveness seen here, makes our strategy highly translatable in a clinical setting.

We showed here that the presence of free PEG can effectively attenuate the immunogenicity 

of pegloticase (Figure 1), including reducing both IgG and IgM APA following multiple 

rounds of injection. While the precise mechanism remains to be further investigated, the 

principle likely involves substituting the more immunogenic PEGylated drugs with less 

immunogenic free PEG. We showed that free PEG can indeed compete with PEGylated 

proteins and blocked their binding to cells with surface anti-PEG BCRs, consistent with free 

PEG binding to anti-PEG BCR (Figure 7). We speculate the difference in immunogenicity 

is a direct consequence of how their physical form interfaces with BCRs. When multiple 

PEG molecules are conjugated to a protein or nanoparticle, their effective footprint is 

much larger (e.g. pegloticase is ~540 kDa, and PEG-liposomes are ~100 nm in diameter), 

allowing each PEGylated drug entity to more effectively crosslink BCRs on the surface 

of APA+ B cells, which in turn stimulates the secretion of APA. In contrast, while 

free PEG polymers (~40 kDa) can similarly bind BCR, their smaller footprint coupled 

with their highly flexible nature makes them much less efficient at crosslinking multiple 

BCRs, particularly when PEG is dosed at molar excess. Compared to pegloticase, free 

PEG is unlikely to be digested by antigen presenting cells (APC) and presented in major 

histocompatibility complex (MHC), thus potentially blocking T-dependent B cell activation. 

Consistent with this notion, PEG on its own is poorly immunogenic, as are many smaller 

PEGylated proteins [6, 55, 56]. In addition, free PEG likely also competitively inhibits the 

formation of large immune complexes comprising APA with PEGylated drugs, thus further 

reducing immunostimulation. While shorter MW PEG may also similarly competitively 

inhibit interactions between PEGylated drugs with the immune system, their rapid renal 

clearance places severe limits to their effectiveness over time. Our use of high MW free 

PEG allows us to achieve both effective reduction of PEG-immunogenicity, and maintain 

the effect over time. Meanwhile, toxicity is rarely detected with repeated doses of free PEG 

across various small and large animal studies [55, 57–59], including high MW free PEG 

tested at doses up to 200 mg/kg/week. Thus, we expect our strategy to be both safe and 

effective in restoring PEGylated drugs that require frequent dosing.

The use of free PEG to competitively inhibit APA binding and reduce APA-induction 

contrasts sharply with current efforts focusing on broad immunosuppression using 

immunomodulators [60, 61]. For pegloticase, the most advance immunosuppression-based 

intervention utilizes MTX dosed weekly one month prior to the first dosing of pegloticase, 

with MTX dosing continuing until the end of the study (ClinicalTrials.gov: NCT03635957) 

[20]. During the six-month of pegloticase treatment, complete functions were detected 
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in 11/14 patients, and all patients tolerated the MTX- pegloticase regimen. Given these 

promising results, several similar clinical trials are ongoing to determine the efficacy of 

co-administration of MTX in various conditions including different doses of pegloticase, 

different infusion speed, and in patients who previously failed with pegloticase treatment. 

In particular a large (n=152) randomized controlled trial of co-treated uncontrolled gout 

patients with pegloticase with either methotrexate 15 mg or placebo coadministration 

resulted in a higher response rate with the addition of methotrexate (71% vs 38.5% 

response rates). These results supported the recent FDA approval for expanded labeling 

for Krystexxa® to include concomitant use with methotrexate.

While the clinical trial results achieved using MTX are exceptionally encouraging, some 

patients may benefit from alternative interventions such as free PEG explored here. This 

includes patients who continue to experience elevated levels of uric acid despite the 

concomitant use of MTX; since pegloticase is a last line therapy, no alternatives currently 

exist for patients treated with pegloticase who become non-responders. This may also 

include patients who experience side effects or have other underlying medical conditions 

that may preclude the use of MTX. It remains to be determined whether the concomitant use 

of MTX requires a month-long lead-in MTX dosing as is typically done based on currently 

available data. Given that gout is a highly debilitating inflammatory condition, some patients 

may benefit from interventions that are non-immunosuppressant, such as PEG, and that may 

therefore avoid a lead-in dosing with immunomodulators such as MTX. Since free PEG can 

immediately limit APA-mediated pegloticase clearance and reduce induction of APA, we 

speculate that no lead-in dosing period will be required for PEG. Coupled with the low costs 

(USP-grade PEG is readily available at scale (<$1/g)) and well-established track record of 

safety of PEG in humans, we believe the free PEG intervention strategy should be explored 

further in preclinical and clinical studies.

It’s useful to compare the effectiveness of PK restoration observed here to our earlier 

studies, both of which focused on pre-infusion of high dose of free PEG to animals with 

high titers of APA already present. In our 2019 study testing pre-infusion of 550 mg/kg 

40 kDa free PEG 30 mins before administration of Doxil, a PEGylated liposome, we were 

able to recover ~60% of the AUC of Doxil when given to APA naïve mice, whereas APA+ 

mice given Doxil without PEG infusion recovered only ~5% compared to APA naïve mice 

[55]. More recently, we showed that pre-infusion of 550 mg/kg 40 kDa free PEG into 

mice with high titers of pegloticase-induced APA 30 mins before the pegloticase dosing 

effectively restored the PK, with ~80% recovery of AUC compared to that of pegloticase 

given for the first time to naïve mice [25]. These data support and extend the present 

findings where, co-administration of free PEG with pegloticase significantly reduced APA 

induction, and led to a similar extent of AUC recovery (~66%) compared to pegloticase 

given to APA-naïve animal, despite the use of >100-fold less PEG. We found no significant 

difference in IgG and IgM APA between the three formulations (5 mg/kg 40 kDa PEG, 50 

mg/kg 40 kDa PEG, 5 mg/kg 100 kDa PEG) tested, though 5 mg/kg 40 kDa PEG showed 

slightly more effective inhibition than either higher MW PEG (100 kDa) or higher dose PEG 

(50 mg/kg). Both dose levels of 40 kDa PEG significantly prolonged pegloticase circulation 

and reduced hepatic clearance, with 5 mg/kg dose exhibiting marginally better (but not 

statistically significant) effectiveness. We conclude that the 5 mg/kg dose evaluated here is 
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sufficient to reduce induction of IgG and IgM APA against pegloticase to a level where 

any induced APA can be sufficiently competitively inhibited from binding and clearing a 

large fraction of pegloticase. Our preference is to utilize the lowest effective dose of any 

intervention; thus, we prefer 5 mg/kg over 50 mg/kg dose for further clinical development. 

This reduction of PEG dose will also help decrease concerns about the safety of the free 

PEG intervention, and makes free PEG intervention a clinical translatable strategy. Due to 

the greater track record of safety of 40 kDa PEG over 100 kDa PEG, we also prefer using 

40 kDa PEG. Comparing with our earlier work showing APA reduction by pre-infusion 

of free PEG, we showed that free PEG could be dosed along with the dosage regimen of 

pegloticase, which significantly increases patient adherence. In this study, we showed for the 

first time that we can effectively reduce the immunogenicity of a clinically relevant drug, 

potentially paving the way of utilizing the same approach to tune the immunogenicity of 

other polymer-modified therapeutics.
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Statement of significance

A major challenge with engineering materials for drug delivery is their interactions 

with the immune system. For instance, our body can produce high levels of 

anti-PEG antibodies (APA). Unfortunately, the field currently lack tools to limit 

immunostimulation or overcome pre-existing anti-PEG antibodies, without using broad 

immunosuppression. Here, we showed that simply introducing free PEG into a clinical 

formulation of PEG-uricase can effectively limit induction of anti-PEG antibodies, and 

restore their prolonged circulation upon repeated dosing. Our work offers a readily 

translatable method to safely and effectively restore the use PEG-drugs in patients 

with PEG-immunity, and provides a template to use unconjugated polymers with low 

immunogenicity to regulate interactions with the immune system for other polymer-

modified therapeutics.
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Figure. 1. Induction of APA by pegloticase.
(A) Schematic illustration of the study design and sampling schedule evaluating APA titers 

induced by pegloticase given either with saline or different MW and amount of free PEG. 

Separate groups of mice were given these pegloticase solutions intravenously on Days 0, 

14, and 28, and APA in blood was quantified 13 days after each injection as well as 1 

day prior to the first injection on Days −1, 13, 27 and 41; (B) Anti-PEG IgG and (C) 
IgM concentrations in mice over time. Blue circle represents saline and pegloticase; red 

square represents 5 mg/kg 40 kDa free PEG and pegloticase; green triangle represents 50 

mg/kg 40 kDa free PEG and pegloticase; and orange down-pointing triangle represents 5 

mg/kg 100 kDa free PEG and pegloticase. Each specimen was measured in triplicate in two 

independent experiments, with the average and SEM reported (n=8). Statistical comparisons 

across groups were one-way ANOVA with Bonferroni-adjust for multiple comparisons, with 

*, **, and *** representing p < 0.05, 0.01, and 0.001, respectively.
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Figure. 2. PET/CT imaging over time in mice treated with [89Zr]-pegloticase with or without free 
PEG added.
(A) Schematic figure of PET/CT study design. (B) PET/CT imaging was performed at 

different time points to assess pharmacokinetics and biodistribution of [89Zr]-pegloticase in 

four cohorts: mice previously dosed with 3 rounds of pegloticase every 2 weeks, comprised 

of pegloticase co-administered with saline (Group 1), 5 mg/kg free PEG (Group 2), 50 

mg/kg free PEG (Group 3), as well as mice with no prior pegloticase dosing injected with 

saline and [89Zr]-pegloticase for the first time. For Groups 1 to 3, [89Zr]-pegloticase is dosed 

together with the corresponding saline or free PEG. Single PET coronal section was overlaid 

on corresponding CT MIP image to represent the biodistribution of [89Zr]-pegloticase at 

indicated time points.
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Figure. 3. Dynamic PET/CT scanning of [89Zr]-pegloticase in mice receiving different 
interventions over the first 1 hour post infusion.
Mean 89Zr levels in various organs over the first 1 hour in mice treated with (A) 
[89Zr]-pegloticase with saline, (B) [89Zr]-pegloticase with 5 mg/kg free PEG, (C) [89Zr]-

pegloticase with 50 mg/kg free PEG. Blue circle represents heart; red square represents 

liver; green triangle represents kidney; purple down-pointing triangle represents muscle; and 

orange diamond represents lung. Data represent mean ± SEM.
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Figure. 4. Distribution of [89Zr]-pegloticase, with or without added free PEG, in different organs 
over time.
Mean [89Zr]-pegloticase concentration over the first 96 hours in (A) heart, (B) liver, (C) 
kidney, (D) lung and (E) muscle, as determined by PET/CT imaging and expressed as %ID 

per gram of tissue. Blue circle represents mice infused with [89Zr]-pegloticase and saline 

(Group 1); Red square represents mice infused with [89Zr]-pegloticase containing 5mg/kg 

free PEG (Group 2); Green triangle represents [89Zr]-pegloticase containing 50mg/kg free 

PEG (Group 3); purple down-pointing triangle represents APA-naïve mice co-infused with 

[89Zr]-pegloticase and saline for the first time (Group 4). The signal was adjusted for 

radioactive decay. Data represent mean ± SEM; please refer to Table 1 for statistical 

comparisons.
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Figure. 5. AUC of the biodistribution profiles of [89Zr]-pegloticase, with or without added free 
PEG.
AUC for concentration of [89Zr]-pegloticase over time in different organs: (A) heart, 

(B) liver, and (C) kidney, lung and muscle. Data depict mean ± bars represent standard 

deviation. Statistical comparisons across groups were one-way ANOVA with Bonferroni-

adjust for multiple comparisons, with *, **, and *** representing p < 0.05, 0.01, and 0.001, 

respectively.
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Figure. 6. Concentration of [89Zr]-pegloticase in blood (heart) and liver over time in mice with 
different levels of IgG APA.
(A) The concentration of [89Zr]-pegloticase quantified by PET/CT imaging at 4h, 24h, 48h 

and 96h, expressed as %ID per gram of tissue, as a function of IgG APA in (A) blood and 

liver. (B) Signal fraction of blood and liver from gamma counter as a function of IgG APA. 

Blue circle represents mice infused with pegloticase only (i.e. formulated with saline); red 

square represents mice infused with pegloticase containing 5mg/kg free PEG; green triangle 

represents pegloticase containing 50mg/kg free PEG; pink inverted triangle represents naïve 

mice receiving pegloticase only. Correlation was analyzed by nonparametric Spearman 

correlation, with correlation coefficient r reported, as well as p value of each correlation 

assay.
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Figure. 7. Free PEG blocks interactions between anti-PEG BCR and PEG-BSA.
Relative fluorescence intensity from FITC-PEG-BSA. Blue circle represents unmodified 

Expi293 cells incubated with PEG-BSA (negative control); red triangle represents cells 

possessing anti-PEG BCRs incubated with PEG-BSA and free PEG; green square represents 

the same cells incubated with PEG-BSA only. Statistical comparisons across groups were 

one-way ANOVA with Bonferroni-adjust for multiple comparisons, with *, **, and *** 

representing p < 0.05, 0.01, and 0.001, respectively.
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Table 1.

Statistical analysis of difference of %ID/g quantified by PET imaging of liver and heart (proxy for blood) 

between treatments

Saline vs. 5mg/kg 
PEG

Saline vs. 50mg/kg 
PEG

Saline vs. Naïve 5mg/kg PEG 
vs. 50mg/kg 
PEG

5mg/kg PEG 
vs. Naïve

50mg/kg PEG 
vs. Naïve

Heart 4h p<0.001*** p<0.001*** p<0.001*** p>0.05 p>0.05 p>0.05

Heart 24h p<0.001*** p<0.001*** p<0.001*** p>0.05 p>0.05 p>0.05

Heart 48h p<0.001*** p<0.01** p<0.001*** p>0.05 p>0.05 p>0.05

Heart 96h p<0.01** p<0.05* p<0.001*** p>0.05 p>0.05 p<0.05*

Liver 4h p<0.001*** p<0.001*** p<0.001*** p>0.05 p>0.05 p>0.05

Liver 24h p<0.001*** p<0.01** p<0.001*** p>0.05 p>0.05 p>0.05

Liver 48h p<0.001*** p<0.01** p<0.001*** p>0.05 p>0.05 p>0.05

Liver 96h p<0.001*** p<0.05* p<0.001*** p>0.05 p>0.05 p<0.05*

Student’s t-test was applied to determine the difference among group, and P values were summarized in the table.

*
denotes p < 0.05;

**
denotes p < 0.01;

***
denotes p < 0.001.
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