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Abstract
The beneficial effects of polyethylene glycol (PEG)-conjugated therapeutics, such as increased half-life, solubility, stability, 
and decreased immunogenicity, have been well described. There have been concerns, however, about adverse outcomes with 
their use, but understanding of those adverse outcomes is still relatively limited. The present study aimed to characterize 
adverse outcomes associated with PEGylation of protein-based therapeutics on immunogenicity, pharmacologic properties, 
and safety. A targeted review of English language articles published from 1990 to September 29, 2023, was conducted. Of the 
29 studies included in this review, 18 reported adverse safety outcomes such as hematologic complications, hepatic toxicity, 
injection site reactions, arthralgia, nausea, infections, grade 3 or 4 adverse events (AEs), and AE-related discontinuations 
and dose modifications. Fifteen studies reported immunogenicity-related outcomes, such as the prevalence of pre-existing 
antibodies to PEG, treatment-emergent antibody response, and hypersensitivity reactions to PEGylated drugs. Seven stud-
ies reported pharmacological outcomes such as increased clearance and reduced activity in response to PEGylated drugs. 
This review aims to contribute to a balanced view of PEGylated therapies by summarizing the adverse outcomes or lack of 
benefit associated with PEGylated therapeutics reported in the literature. We identified several studies characterizing adverse 
outcomes, pharmacological effects, and immunogenicity associated with the use of PEGylated therapeutics. Our findings 
suggest that using PEGylated therapeutics may require careful monitoring for adverse safety outcomes, including screening 
and monitoring for pre-existing antibodies and those induced in response to PEGylated therapy, as well as monitoring and 
adjusting the dosing of PEGylated therapeutics.

Key Points 

Contrary to the belief that PEG is non-immunogenic, 
this targeted literature review of PEGylated therapeutics 
reports evidence of pre-existing and treatment-induced 
anti-PEG antibodies resulting in increased drug 
clearance and decreased activity of PEGylated drugs.

The findings of our review highlight the need for 
monitoring of PEGylated therapeutics for adverse safety 
outcomes, sensitive detection assays for quantification of 
antibodies, and dose adjustments for optimal treatment 
outcomes.
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1  Introduction

Proteins have great therapeutic potential, offering targeted 
mechanisms of action due to their varied functional roles, 
including acting as catalysts, signaling molecules, trans-
porters, scaffolds, and receptors [1]. Nonetheless, poten-
tial drawbacks include immunogenicity, solubility, and 
stability, as well as their propensity to aggregate, dena-
ture, and degrade [2]. To help mitigate these limitations, 
some structural and chemical modifications made to pro-
teins include site-specific mutagenesis, antibody–drug 
conjugation, fusion to other proteins, post-translational 

modifications such as glycosylation, methylation, phos-
phorylation, and attachment of polyethylene glycol (PEG) 
chains [3]. Since the approval of the first PEGylated pro-
tein therapeutic in 1990, PEG has been increasingly used 

http://orcid.org/0000-0003-2853-2896
http://crossmark.crossref.org/dialog/?doi=10.1007/s40259-024-00684-z&domain=pdf


796	 C. S. Lee et al.

to modify the properties of biomolecules, with the aims 
of increasing drug half-life, enhancing drug solubility 
and stability, and decreasing immunogenicity [4–6]. The 
rationale behind PEGylation involves the formation of 
a hydrophilic shell; the shell and its bound water cover 
the immunogenic epitopes and protect the PEGylated 
proteins and enzymes from the immune system, thereby 
decreasing the production of neutralizing antibodies and 
other adverse immune reactions [7]. Another benefit is 
that PEG conjugation increases the size of the biomol-
ecule, resulting in decreased renal filtration and increased 
half-life [5]. PEGylation also alters the binding kinet-
ics between the drug and its receptor with a slower rate 
of attachment and dissociation and a decreased bind-
ing affinity to the protein clearance receptor, resulting 
in extended circulation and a delayed clearance, which 
may enable less frequent dosing compared to the non-
PEGylated parent compound [4]. Lastly, PEG is a water-
soluble polymer that enhances the solubility of conju-
gated therapeutics [6].

The clinical and pharmacologic properties of PEGylated 
compounds have been extensively investigated across 
many indications, including hepatitis, hemophilia, and 
various cancers, and the beneficial effects of PEGylation 
have been well described [8–14]. Despite the benefits of 
treatment with PEGylated therapeutics, covalent modifi-
cation of a protein may have unanticipated or undesirable 
effects, leading to concerns about the potential for adverse 
patient outcomes. While PEG was once thought to be non-
immunogenic, several recent studies report the existence 
of both pre-existing antibodies against PEG, likely due 
to its ubiquitous presence in cosmetics and personal care 
products, as well as the development of anti-PEG anti-
bodies in response to PEGylated therapeutics [15–17]. It 
has been proposed that the presence of anti-PEG antibod-
ies may contribute to a multitude of adverse outcomes 
observed with PEGylated drugs, such as hypersensitivity 
reactions, accelerated drug clearance, and decreased drug 
activity [15, 18–20].

The objective of the present literature review was to 
identify and synthesize evidence characterizing adverse 
outcomes associated with PEGylation of protein-based 
therapeutics on  immunogenicity, pharmacologic prop-
erties including pharmacokinetics, and safety, to pro-
vide a balanced perspective of the positive and negative 
impacts of PEGylation of protein-based therapeutics and 
increase awareness of the potential risks associated with 
PEGylation.

2 � Methods

2.1 � Literature Search Methods

Literature searches were conducted in OvidSP (http://​ovidsp.​
ovid.​com/) to identify peer-reviewed studies of interest from 
1990 to 29 September 2023, in Embase, MEDLINE, and 
MEDLINE In Progress using pre-specified search strategies, 
which included a combination of indexing terms (Medical 
Subject Headings in MEDLINE and Emtree in Embase), 
as well as free-text keywords as recommended by the 
Cochrane Collaboration [21]. Searches were restricted to 
studies assessing humans, published in English, and with no 
geographic limits. Additional gray literature searches were 
conducted, which included indexed conference abstracts 
from meetings of interest between 2021 and 2022, and the 
initial search was supplemented with a citation-chasing/
snowballing approach to find additional articles. The 
search strategy with the search terms can be found in the 
Supplementary Information.

2.2 � Screening Process

The records resulting from the searches were imported to 
EndNote X9, where duplicates were removed. Following 
deduplication, the study selection process was conducted 
using Nested Knowledge screening software to ensure 
accurate record-keeping in two systematic steps: title and 
abstract screening and full-text screening. Each record was 
assessed against the eligibility criteria during study selec-
tion using the Population, Interventions and Comparisons, 
Outcomes, and Study Design (PICOS) framework (Table 1). 
In the first screening stage, the artificial intelligence (AI) 
reprioritization capability was enabled in Nested Knowl-
edge to allow for the shuffling of references in the back-
ground to present the ones most likely to be included. The 
articles were screened at the title/abstract level using the 
PICOS criteria; the reasons for exclusion are presented 
in Table 2. Based on the outcomes of interest, the most 
relevant articles were selected and retrieved for full-text 
screening.

2.3 � Data Extraction

A data extraction table was generated in Microsoft Excel® to 
record top-level data elements such as citation information, 
study characteristics (design, location, and objective), 
patient characteristics (population, sample size, indication, 
and intervention/comparator), and outcomes of interest 
[antibodies, adverse events (AEs), pharmacokinetics (PK), 
and hypersensitivity].

http://ovidsp.ovid.com/
http://ovidsp.ovid.com/
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3 � Results

3.1 � Overview of Selected Publications

Searches conducted on 29 September 2023 identified 9942 
records. After deduplication and title/abstract screening, 
178 articles were selected for full-text retrieval and were 
reviewed, and 29 were included. Of the 29 studies, 18 
reported on adverse outcomes, including hypersensitivity 

(n = 2), 7 reported on pharmacology, and 15 reported on 
antibodies, of which 6 reported only on anti-PEG antibodies 
and 9 reported on both anti-PEG antibodies and antibodies 
against the PEGylated drug. A summary of the study char-
acteristics, patient characteristics, and outcomes is presented 
in Table 3. Most studies were observational (n = 16) or pro-
spective clinical trials (n = 10). The most common disease 
areas were acute lymphoblastic leukemia (ALL; n = 7) and 
hepatitis C virus (HCV; n = 5) (Fig. 1); the most common 

Table 1   PICOS inclusion/exclusion criteria

AE adverse events, NA not applicable, PEG polyethylene glycol, PICOS population, intervention, comparison, outcomes, and study design, SAE 
serious adverse event

Criteria Inclusion Exclusion

Population Patients treated with any PEGylated protein-
based therapy

Studies not evaluating patients with PEGylated protein-based therapy

Interventions Any or none NA
Comparators Any or none NA
Outcomes • Safety

    o Treatment-related AEs
    o Any grade AEs
    o SAEs
    o Immune-mediated AEs
    o Discontinuation due to any cause
    o Discontinuation due to AEs
• Immunogenicity (including the formation of 

antidrug antibodies)
• Pharmacology
    o Pharmacokinetics
    o Pharmacodynamics

Other outcomes not of interest

Study design • Clinical trials
• Observational studies
• Systematic reviews
• Narrative reviews (for citation chasing)

• Full-text articles not published in English
• Conference abstract published prior to 2021
• Editorial, erratum, trial protocol, guideline, case report, clinical 

trial with results not reported, etc.
• In vitro, ex vivo, animal, etc.

Table 2   Reasons for exclusion

Reason for exclusion Description

Non-English language Full-text article not published in English
Conference abstract published prior to 2021 Conference abstract published prior to 2021
Publication type not of interest Editorial, erratum, trial protocol, guideline, 

narrative review, etc.
Study design not of interest In vitro, ex vivo, animal, etc.
Population not of interest Studies not evaluating patients with 

PEGylated protein-based therapeutics
Outcomes not of interest No reported outcomes of interest
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study locations were USA (n = 8) and Germany (n = 6), and 
most studies were conducted in adult populations (n = 17).

3.2 � Safety Outcomes

3.2.1 � Adverse Events (AEs)

3.2.1.1  Hematologic Complications  In six studies of 
patients with HCV or cancer, hematologic AEs were asso-
ciated with a PEGylated versus non-PEGylated product 
(Table 3) [22–27]. A study of adolescents and adults with 
newly diagnosed acute lymphoblastic leukemia (ALL) 
reported a longer duration of coagulation dysfunction 
(p = 0.002) and agranulocytosis (p < 0.01) in patients treated 
with PEGylated asparaginase (PEG–ASP) compared with 
E. coli asparaginase (l-ASP), which the authors attributed to 
the longer half-life and decreased immunogenicity of PEG-
ASP compared with l-ASP [22]. In a multicenter, open-
label, randomized phase 3 study of adults with melanoma, 
the rates of granulocytopenia (p < 0.0001) and leukocytope-
nia (p = 0.0001) were 3 and 5 times higher, respectively, in 
patients receiving PEGylated interferon (PEG-IFN) versus 
IFN [25]. The authors suggested that, in addition to differ-
ences in PK, the higher rates of AEs may be due to dif-
ferences in dosing between PEG-IFN (100  µg per week) 
and IFN [3 million units (MU) 3× per week], which could 
have resulted in a higher overall dose in the PEG-IFN arm 
[25]. Leukopenia also occurred in more than twice as many 
patients receiving PEG-IFN compared with IFN [56% 
versus 23.5%; p = not reported (NR)] in another phase 3 
study in adult patients with melanoma [23]. An observa-
tional study of adult patients with hepatitis C virus (HCV) 
reported neutropenia in a significantly higher proportion of 
patients treated with PEG-IFN + ribavirin versus IFN + riba-
virin (48% versus 9%; p = 0.0009) [27]. Two Cochrane sys-
tematic reviews of patients with HCV also reported that 
those treated with PEG-IFN + ribavirin had more than twice 
the risk of developing neutropenia [risk ratio (RR): 2.15; 
95% CI 1.76, 2.61; p < 0.0001 [24], and RR: 2.25; 95% CI 
1.58, 3.21; p = NR [26]] compared with those treated with 
IFN + ribavirin. The Cochrane reviews also reported that 
patients receiving PEG-IFN + ribavirin had more than twice 
the risk of developing thrombocytopenia (RR: 2.28; 95% CI 
1.14, 4.54; p = NR [26], and RR: 2.63; 95% CI 1.68, 4.11; 
p < 0.0001 [24]) than patients receiving IFN + ribavirin.

3.2.1.2  Hepatic Toxicity  In four studies of patients with dia-
betes or cancer, hepatic toxicity was significantly associated 
with a PEGylated versus non-PEGylated product [23, 28–
30]. In one of the phase 3 trials of patients with melanoma, 
rates of liver enzyme elevation were at least twice as high 
in the PEG-IFN arm compared with the IFN arm [alanine 
transaminase (ALT): 33.0% versus 16.5%, p = NR; aspartate 

transaminase (AST): 19.1% versus 9.4%, p = NR] [23]. In 
adults with high-risk, Philadelphia chromosome-negative 
ALL, the rates of grade 3 or 4 hepatic toxicity were higher 
in patients receiving PEG-ASP compared with l-ASP, both 
during induction therapy (p = 0.055) and consolidation 
therapy (p = 0.009). The authors attributed the differences 
in AE rates in the consolidation period to differences in the 
duration of activity between PEG-ASP and l-ASP [30]. In 
two randomized phase 3 trials in adults with type 1 diabetes 
(T1D), a significantly higher proportion of patients receiv-
ing basal insulin peglispro (BIL) had an ALT elevation ≥ 3× 
upper limit of normal (ULN) versus those receiving insulin 
glargine (GL), and ALT levels were significantly higher at 
26, 52, and 78 weeks (all p < 0.001) in patients receiving 
BIL versus GL. The authors noted consistent findings in 
other studies of PEGylated drugs, but did not propose an 
explanation for these observations [28, 29].

3.2.1.3  Other AEs  Injection site reactions (ISRs): In four 
studies of patients with HCV or diabetes, ISRs were associ-
ated with a PEGylated versus non-PEGylated product [24, 
26, 28, 29]. Two Cochrane reviews reported a higher risk 
of ISRs in patients with HCV receiving PEG-IFN + ribavi-
rin compared with IFN + ribavirin (RR: 1.71; 95% CI 1.50, 
1.93; p < 0.0001 [24] and 2.56; 95% CI 1.06, 6.22; p = NR 
[26]). A significantly higher proportion of ISRs was also 
reported in two randomized phase 3 trials in adults with T1D 
receiving BIL compared with those receiving GL (p < 0.001 
for both trials), possibly due to factors affecting injection 
site location and the slow absorption of BIL through the 
lymphatic system [28, 29].

Bone and/or joint pain: Three studies of cancer or HCV 
reported bone pain or arthralgia [24, 26, 31]. In patients with 
breast cancer, bone pain occurred in a higher proportion 
of patients with PEGylated granulocyte colony-stimulating 
factor (PEG-G-CSF) compared with G-CSF (p = 0.09) 
[31]. Cochrane reviews of patients with HCV also reported 
a higher proportion of patients with arthralgia in patients 
receiving PEGylated therapy versus non-PEGylated therapy 
(30% versus 24%; RR: 1.19; 95% CI 1.05, 1.35; p = 0.01) 
[24, 26].

Gastrointestinal AEs, including nausea and vomiting: In 
two studies of patients with breast cancer and melanoma, 
gastrointestinal effects (p = 0.005) and nausea or vomiting 
(p = 0.003) occurred in a significantly higher proportion 
of patients treated with PEGylated versus non-PEGylated 
therapy [25, 31]. Grob et al. suggested that dosing differ-
ences between the PEG-IFN arm and the IFN arm, which 
possibly corresponded to a higher dose in the PEG-IFN arm, 
may have contributed to higher rates of toxicities with the 
PEGylated treatment [25]. The Cochrane review of patients 
with chronic HCV reported a significantly greater risk of 
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nausea with PEG-IFN + ribavirin versus IFN + ribavirin 
(RR: 1.13; 95% CI 1.01, 1.26; p = 0.03) [24].

Infections: A study of patients with HCV reported higher 
rates of infection with PEG-IFN + ribavirin vs. IFN + ribavi-
rin, as well as an increased risk of all infections [hazard ratio 
(HR): 4.6; 95% CI 1.7, 12.0; p = 0.0019], non-respiratory 
infections (HR: 9.2; 95% CI 2.1, 39.3; p = 0.003), and respir-
atory infections (HR: 1.49; 95% CI 0.35, 6.3; p = NR) [27].

In a study of patients with cutaneous T-cell lymphoma, a 
significantly higher risk of ophthalmological side effects was 
observed with PEG-IFN compared with IFN (p = 0.0035) 
[32]. In the clinical trial of patients with T1D, BIL resulted 
in significantly increased serum triglycerides compared with 
GL (p < 0.001), possibly because of the increased fatty acids 
in the liver resulting from lipolysis of adipocyte triglycerides 
due to the decreased peripheral insulin activity of BIL [28]. 
In the Cochrane review of patients with HCV, dermatologic 
symptoms were reported in a higher proportion of patients 
treated with PEG-IFN + ribavirin versus IFN + ribavirin 
(36% versus 20%; RR: 1.78; 95% CI 1.15, 2.73) [26]. In 
the clinical trial of patients with melanoma, a significantly 
higher proportion of patients treated with PEG-IFN versus 
IFN reported fatigue (p = 0.0003) and weight loss (p = 0.04), 
which the authors theorize may be due to dosing differences 
and differences in PK between the two treatment arms [25].

3.2.2 � Severe Adverse Events (SAEs)

Four studies reported significant associations between 
PEGylated therapeutics and severe AEs. The rate of grade 
3 or 4 AEs in patients with melanoma receiving PEG-IFN 
was almost twice that of patients receiving IFN (p < 0.0001) 
[25], while the rate of grade 4 or 5 infections was more 
than three times higher among those treated with PEG-
ASP versus l-ASP (p = 0.018) [22]. Grade 3 or 4 allergic 
reactions were also significantly more frequent in patients 
with ALL treated with PEG-ASP versus l-ASP (p = 0.028) 
[33], as were rates of grade 3 or 4 hepatic toxicity during 
consolidation therapy (p = 0.009), possibly because of the 
differences in the duration of PEG-ASP and l-ASP activity 
during the consolidation period [30].

3.2.3 � AE‑Related Discontinuations and Dose Modifications

Three studies reported higher rates of AE-related dose 
reductions or discontinuations with PEGylated versus 
non-PEGylated therapeutics. In one study of patients with 
melanoma, more patients treated with PEG-IFN discontin-
ued treatment due to an AE versus patients treated with 
IFN (19.4% versus 12.8%; p = NR) during months 0–18 of 
treatment, which the authors suggested could be because 
of differences in PK as well as dosing differences between 
the PEG-IFN arm and the IFN arm [25]. The intended 

36-month treatment in the PEG-IFN arm was not pos-
sible due to high rates of discontinuation, resulting in a 
median treatment duration of 19.2 months [25]. Approxi-
mately half of the PEG-IFN treatment interruptions were 
AE-related, with a large proportion of reasons for discon-
tinuations remaining unclear, suggesting difficulty coping 
with treatment, possibly due to loss of motivation resulting 
from decreased quality of life (QoL) [25]. In another study 
of patients with melanoma, a significantly greater propor-
tion of patients treated with PEG-IFN did not receive the 
full dosage and duration of treatment due to AEs (26% 
vs. 13%; p < 0.001) [23]. In a study of patients with 
HCV, almost twice as many patients treated with PEG-
IFN required a dose reduction due to AEs compared with 
those treated with IFN (p < 0.05). A similar pattern was 
observed for dose reductions due to anemia and leukopenia 
specifically, with more than twice as many patients in the 
PEG-IFN group experiencing a reduction versus the IFN 
group (p < 0.05), possibly due to the increased half-life of 
PEG-IFN [34].

3.3 � Immunogenicity

Table  3 presents an overview of the immunogenicity 
findings of this review. Fifteen studies reported on 
antibodies to different components of the PEGylated drug, 
of which six studies reported only on anti-PEG antibodies 
[17, 35–39] and nine studies differentiated antibodies 
specific to PEG, the PEGylated drug, and the native drug 
or linker molecule (Table 4) [19, 33, 40–46].

3.3.1 � Prevalence of Pre‑existing Antibodies to PEG

Four studies reported on the prevalence of pre-existing anti-
PEG antibodies in the healthy population, which ranged 
from 23% to 72%, and no study found any correlation 
between the concentrations of immunoglobulin G (IgG) and 
immunoglobulin M (IgM) antibodies [17, 35, 36, 38]. The 
prevalence of anti-PEG antibodies was higher in females 
than males for both IgG (p = 0.018) and IgM (p < 0.0001) 
[35, 36]. Both studies reported a higher prevalence of 
anti-PEG antibodies in the younger population, with one 
study reporting an anti-PEG IgG prevalence of up to 60% 
for 20-year-olds versus 20% for age > 50 years [35, 36]. 
A negative correlation for anti-PEG IgG concentration 
was reported with age in females (p = 0.0073) and males 
(p = 0.026) [35].

3.3.2 � Frequency and Prevalence of Antibody Types

One clinical trial of pediatric patients with ALL reported on 
the frequency of differentiated antibodies specific to PEG, 
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the PEGylated drug, and the native drug. Of the 11.5% of 
samples that tested positive for anti-PEG-ASP in the study, 
80.1% were positive for anti-PEG alone, 15.5% were positive 
for both anti-PEG and anti-l-ASP, and 1.5% were positive 
for anti-l-ASP alone [33]. In another study of pediatric 
patients with ALL, the prevalence of pre-existing anti-PEG 
antibodies was higher prior to first administration of PEG-
ASP (IgG 13.9%; IgM 29.1%) and decreased following 
administration of PEG-ASP (IgG 4.2%; IgM 4.5%) [37].

3.3.3 � Treatment‑Emergent Antibody Response

Two clinical trials of patients with T1D reported a 
significantly higher proportion of patients experiencing a 
treatment-emergent antibody response with the PEGylated 
product BIL versus non-PEGylated GL (p = 0.002 and 
p < 0.001) [28, 29].

3.3.4 � Hypersensitivity Reactions

In an observational study of pediatric and adult patients 
with ALL, pre-existing anti-PEG IgG was significantly 
associated with first-exposure hypersensitivity reactions 
(p < 0.01) [37]. An analysis of the Italian National 
Spontaneous Adverse Drug Reaction Reporting System 
from 2001 to 2021 reported a higher frequency of 
hypersensitivity reactions for PEGylated versus non-
PEGylated therapeutics (p < 0.0001) [47].

3.3.5 � Increased Drug Clearance

In a study of pediatric patients with ALL, pre-existing 
anti-PEG antibodies increased initial clearance of PEG-
ASP by 41.4% [39]. In another study, anti-PEG-ASP 
was associated with significantly faster drug clearance 
(p = 5.0 × 10−6) [33]. In another observational study of 
pediatric patients with ALL, the presence of anti-PEG was 
very closely associated with rapid clearance of PEG-ASP, 
and mean ASP activity in all nine of the anti-PEG-posi-
tive sera was below the limit of detection (< 5 U/L) [40]. 
In adult patients with refractory gout, PEG-uricase was 
detected in plasma at 11.0 ± 6.0 (mean ± standard devia-
tion; SD) days in antibody-positive patients and 16.1 ± 5.9 
days in antibody-negative patients (p = 0.06) [46].

3.3.6 � Antibody‑Driven Variations in Drug Activity

In an observational study of pediatric and adult patients with 
ALL, pre-existing IgG and IgM anti-PEG antibodies reduced 
PEG-ASP activity in a concentration-dependent manner 
(p < 0.001) [37]. Another observational study in pediatric 
patients with ALL showed significantly lower ASP activ-
ity in the sera of anti-PEG-positive patients compared with 
anti-PEG-negative patients using serology (p = 7.7 × 10−5) as 
well as flow cytometry (p = 3.6 × 10−5) [40]. In a clinical trial 
of adult patients with refractory gout, anti-pegloticase anti-
body was associated with a rapid decrease in plasma uricase 
activity as indicated by decreased maximum concentration 

Fig. 1   Included studies by 
disease area. ALL acute lympho-
blastic leukemia, BrCa breast 
cancer, CTCL cutaneous T-cell 
lymphoma, HCV hepatitis C 
virus, N/A not available, T1D 
type 1 diabetes
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(Cmax) (p = 0.0009), Cmin (p < 0.0001), and area under the 
concentration curve (AUC, p < 0.0001) [41]. In another clin-
ical trial of adult patients with gout, the half-life of plasma 
uricase in antibody-negative patients was 10.5–19.9 days 
compared with being undetectable after 10 days in antibody-
positive patients [19].

4 � Discussion

While there is a large body of evidence documenting the 
favorable clinical outcomes of PEGylated protein thera-
peutics, the potential for adverse outcomes with their use 
is of concern. To our knowledge, a thorough review of the 
literature describing such outcomes has not been published 
to date. In an effort to contribute to a balanced view of 
PEGylated therapies, the present literature review identi-
fied and synthesized evidence describing adverse impacts 
or lack of benefit associated with PEGylation of protein-
based therapeutics.

The number of PEGylated therapeutics has steadily 
increased since the first US Food and Drug Administration 
(FDA) approval in 1990 to 38 FDA-approved PEGylated 
therapeutics as of 2023, with hematology and oncology dom-
inating the approved indications [4]. Despite the increase in 
the number of FDA-approved PEGylated therapeutics, the 
FDA has also noted several safety concerns related to their 
use. The FDA has issued warnings for hypersensitivity reac-
tions, severe allergic reactions related to antibodies against 
PEG, decreased drug activity due to neutralizing antibodies, 
cardiovascular events, infusion-related reactions, anaphy-
laxis, and liver injury for PEGylated drugs such as damoc-
tocog alfa pegol, pegloticase, PEG-IFNα-2a, pegvisomant, 
and certolizumab pegol [48, 49]. Numerous FDA-approved 
medications carry warnings about hypersensitivity reactions 

to intravenous (IV) medicines compounded with PEG castor 
oil, and the FDA’s Center for Drug Evaluation and Research 
has raised concerns about the renal safety of the dosage of 
PEG 400 in bivalirudin, a direct thrombin inhibitor [50, 
51]. Oxycodegol, a PEGylated form of oxycodone, did not 
receive FDA approval due to hepatic toxicity and the risk of 
abuse [4]. Hypersensitivity reactions and fatalities led to a 
manufacturer recall of peginesatide, approved for treating 
anemia associated with chronic kidney disease [4]. It is also 
worth noting that PEGylation does not always result in less 
frequent dosing, as demonstrated by the clinical trial pub-
lication on adult patients with gout, in which the half-life 
of plasma uricase was shorter in patients with antibodies to 
PEG-uricase [19]. Another example is pegunigalsidase alfa, 
a recently approved PEGylated drug indicated for long-term 
enzyme replacement therapy in adult patients with Fabry 
disease. The patients who developed antibodies to peguni-
galsidase alpha had lower plasma pegunigalsidase alpha 
concentrations [52]. The approved dosing frequency for 
pegunigalsidase alpha is identical to other non-PEGylated 
enzyme replacement therapies for Fabry disease [53, 54].

The clinical implications of this review’s findings 
include screening and monitoring for pre-existing anti-
bodies and those induced in response to PEGylated ther-
apy as well as monitoring and adjusting the dosing of 
PEGylated therapeutics. As anti-PEG antibodies can be 
both pre-existing and drug induced, screening for anti-
bodies before and during the administration of PEGylated 
therapeutics may be useful [17, 35, 42]. This has become 
critical after a large proportion of the population has 
received mRNA vaccines containing PEGylated lipid 
nanoparticles for coronavirus disease 2019 (COVID-19); 
the vaccinated population has been found to have higher 
levels of anti-PEG antibodies than the unvaccinated popu-
lation [16]. Furthermore, pre-existing anti-PEG IgG and 

Table 4   Immunogenicity: studies reporting on antibody types detected in humans

ASP asparaginase, FVIII factor VIII, IFN interferon, PEG polyethylene glycol, rFVIII recombinant factor VIII, RR relative risk, SS disulfide 
bond

Study Type of antibody

Anti-PEG Anti-PEGylated drug Other

Hillarp, 2023 [42] ✓ ✓ (anti-PEG-rFVIII) ✘
Pezeshkpoor, 2023 [45] ✓ ✓ (anti-PEG-FVIII) ✓ (anti-FVIII)
Kloos, 2020 [43] ✓ ✓ (anti-PEG-ASP) ✓ (anti-SS-linker)
Liu, 2019 [33] ✓ ✓ (anti-PEG-ASP) ✓ (anti-ASP)
Hershfield, 2014 [41] ✓ ✓ (anti-pegloticase) ✘
Ganson, 2006 [19] ✓ ✓ (anti-PEG-uricase) ✘
Armstrong, 2007 [40] ✓ ✘ ✓ (anti-ASP)
Sundy, 2007 [46] ✓ ✓ (anti-PEG-uricase) ✘
Myler, 2016 [44] ✓ ✓ ✓ (anti-IFN)
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IgM antibodies significantly increased following the vac-
cination [16]. One study reported that anti-PEG super-
carriers, people with extremely high levels of anti-PEG 
antibodies, have an increased risk of hypersensitivity and 
anaphylactic reactions following vaccination with PEG-
containing mRNA COVID-19 vaccines [55]. However, the 
intricate dynamics between the PEG-antibody complex, 
the variety of antibodies generated against PEGylated 
drugs, the lack of sensitive tests, and the differing immu-
nological mechanisms driving the antibody response pose 
challenges for screening and monitoring. Firstly, PEG is 
a synthetic linear polymer that can vary in size depending 
on the number of repeating units of ethylene oxide. PEG’s 
affinity, specificity, and molecular weight determine the 
interaction between PEG and its antibodies [56]. Notably, 
one study included in this review reported a difference 
in inhibition kinetics for PEGylated factor VIII (FVIII) 
depending on its molecular weight. In this study, anti-
PEG antibodies inhibited FVIII activity by 90% to 100% 
when conjugated to 40 and 60 kDa PEG, compared with 
60% when conjugated to 20 kDa PEG, putatively due to 
fewer antibody binding sites on the smaller PEG molecule, 
suggesting that inhibition induced by anti-PEG antibod-
ies could be dependent on the molecular weight of PEG 
[45]. Secondly, in contrast to a non-PEGylated drug where 
antibodies are only specific to the native drug molecule, 
antibodies to the PEGylated drug can be specific to the 
PEG moiety, the native drug, and the linker molecule [33, 
40, 43–45]. Thirdly, the current prevalence of anti-PEG 
antibodies may be underestimated due to low test sensitiv-
ity. There is an unmet need to develop assays that represent 
the natural diversity of anti-PEG antibodies in humans 
and are sensitive enough to detect low-affinity antibod-
ies, increases in the titer of pre-existing antibodies, and 
antibodies induced by PEG conjugation to the therapeutic 
product [56]. Lastly, the immunological mechanism driv-
ing the anti-PEG antibody response depends on the nature 
of the PEG molecule. PEG in a PEGylated protein thera-
peutic acts as a hapten, inducing anti-PEG antibodies in a 
T-cell-dependent manner. In contrast, PEG polymers, such 
as those in cosmetics or personal care products, drive the 
antibody response in a T-cell-independent manner [38]. It 
is unclear if the differences in the mechanisms of antibody 
production determine the outcome of antibody-associated 
hypersensitivity or silent inactivation.

The pharmacologic outcomes of the present review also 
emphasize the importance of monitoring the dosing of 
PEGylated therapeutics and adjusting or creating individu-
alized dosing as required. Fixed doses of PEGylated thera-
peutics have shown considerable intra- and interpatient 

variability [57, 58]. Dose increments may be necessary in 
some patients due to neutralizing antibodies generated in 
response to PEGylated therapeutics that have the potential 
to alter the pharmacologic response by increasing drug 
clearance or reducing drug activity, thereby decreasing 
the efficacy [19, 33, 37, 40, 41, 46]. Dose reductions or 
therapy withdrawal may also be necessary in some patients 
due to PEGylated treatment-emergent AEs [25, 34]. A 
recent US study in adult patients with ALL demonstrated 
that therapeutic drug monitoring and individualized dos-
ing can improve the tolerability of the PEG-ASP regimen 
[59]. However, another study in pediatric patients with 
ALL found similar PEG-ASP-related toxicity among 
patients who received individualized PEG-ASP dosing 
based on activity levels and those treated with a fixed-
dose protocol [57]. Another recent study in pediatric and 
adult patients with ALL highlighted the need for creating 
pharmacokinetic models that can predict drug inactiva-
tion, which can be countered by either dose increment or 
switching to alternative non-PEGylated drugs to optimize 
treatment outcomes [60].

There are some limitations to the present review. The 
scope of this review was to identify and characterize 
adverse outcomes associated with the PEGylation of 
protein-based therapeutics; thus, the large body of 
literature documenting favorable clinical outcomes with 
PEGylated therapeutics was not included. Although 
our search did result in some efficacy findings related 
to the presence of anti-PEG antibodies, a thorough 
comparison of the efficacy of PEGylated versus non-
PEGylated therapeutics was also beyond the scope of 
this review. Additionally, although this review identified 
many publications analyzing the safety of PEGylated 
therapeutics, many studies did not include a non-
PEGylated comparator and, therefore, were excluded as 
they did not establish a causal relationship between the 
adverse outcomes and PEGylation, which resulted in a 
relatively small sample size of 29 studies. Finally, most 
of the studies in this review compared AEs between 
PEGylated and non-PEGylated drugs without determining 
the cause of observed differences between the two 
treatment types.

5 � Conclusion

This literature review identified evidence of adverse outcomes 
associated with the use of PEGylated therapeutics, including 
several AEs and SAEs. Furthermore, despite the long-held 
belief that PEG is non-immunogenic, this review identified 
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evidence of pre-existing anti-PEG antibodies as well as those 
induced by treatment with PEGylated therapeutics, resulting 
in increased drug clearance and decreased activity. Overall, 
our findings suggest that the use of PEGylated therapeutics 
may require monitoring for adverse safety outcomes, sensitive 
detection assays for quantification of antibodies, and dose 
adjustments for optimal treatment outcomes.
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