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Abstract

Poly(ethylene glycol) (PEG) is a nontoxic, hydrophilic polymer that is often covalently attached to proteins, drugs, tissues, or
materials; a procedure commonly referred to as PEGylation. PEGylation improves solubility, circulation time, and reduces
immunogenicity of therapeutic molecules. Currently, there are 21 PEGylated drugs approved by the Food and Drug
Administration (FDA), and more in the developmental stage. In addition to the polymer’s applications in the clinic, PEG is
widely used as a solvent and emulsifying agent in the formulation of cosmetics, cleaning, and personal care products. Due to the
ubiquitous presence of the polymer in everyday products, patients can develop antibodies against PEG («PEG Abs) that can be
problematic when a PEGylated drug is administered. These *PEG Abs can provoke hypersensitivity reactions, accelerated drug
clearance, and decreased therapeutic efficacy. Herein, we review how the prevalence of PEG in everyday products has induced
«PEG Abs within the general public as well as the effect of these Abs on the performance of PEGylated therapeutics. We will
focus on clinical manifestations following the administration of PEGylated drugs.

Lay Summary

Poly(ethylene glycol) (PEG) is a polymer found in products including cosmetics, personal care products, cleaning agents,
medicine, and food. Due to the prevalence of PEG, people can develop antibodies (xPEG Abs) against the polymer, which
recognize PEG as foreign. Of note, PEG is frequently incorporated into drug formulations to improve therapeutic efficacy.
Complications can arise when a patient receiving a PEGylated drug has previously developed «PEG Abs from interactions with
PEG in everyday products. The presence of high concentrations of xPEG Abs in blood can result in decreased treatment efficacy
and allergic reactions to a wide range of therapeutics.
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Prevalence and Properties of Poly(Ethylene
Glycol)

Poly(ethylene glycol) (PEG) is a polymer composed of ethyl-
ene oxide monomers that have been engineered into a diverse
range of chain conformations and structures. These architec-
tures consist of both linear and branched polymer chains in
molecular weights ranging from ~550 to >8,000,000 Da (Fig.
1) [1-3]. Over the past 40 years, PEG has shown great poten-
tial to overcome rapid clearance, low solubility, and high im-
munogenicity associated with controlled and therapeutic de-
livery of small molecules and biologics in both commercial
and academic settings [4—7]. PEG chains can be covalently
attached to drugs or the surfaces of materials in a technique
called PEGylation (Fig. 1c) [4, 5]. PEG can also serve as an
emulsifying agent in drug formulations [4, 5].

Following dense surface PEGylation, a steric shield of PEG
chains can form wherein each PEG monomer subunit associ-
ates with two to three water molecules, inhibiting nonspecific
protein interactions to minimize immunogenic recognition by
neutralizing antibodies and the degradative action of proteo-
lytic enzymes [5, 8].

Moreover, PEGylation reduces nonspecific clearance via
the mononuclear phagocytic system by inhibiting receptor-
mediated endocytosis and scavenging by phagocytic myeloid

and endothelial cells [8, 9]. In addition to reducing immuno-
genicity, PEGylation also increases the circulation time of
small molecules by limiting clearance by the renal system
and phagocytic innate immune cells of the mononuclear
phagocyte system (MPS). Glomerular filtration depends
heavily on the size and molecular weight of a particle due to
the structure and permeability of the glomerulus [10, 11].
PEGylation increases the hydrodynamic diameter (HD) and
molecular weight of the PEGylated moiety, thereby limiting
renal clearance and increasing circulation time (Fig. 2) [4, 7].
Particles with an HD larger than 8 nm experience significantly
reduced filtration and elimination by the kidneys [10].

Due to the unique properties conferred by PEG,
PEGylation has become the go-to method of enhancing the
delivery of therapeutic molecules [12]. As of 2020, there were
21 PEGylated drugs approved by the FDA, and over 20 others
in active clinical trials [13, 14]. These drugs include
PEGylated enzymes, proteins, and liposomes, which are used
in the treatment of numerous disorders such as infectious dis-
ease, cancer, autoimmune diseases, and genetic disorders
[13-16]. Approved therapeutics currently contain PEG molec-
ular weights ranging from less thanl kDa to 40 kDa (Table 1)
[13, 14].

In addition to the extensive application of PEG in the phar-
maceutical industry, the polymer is also used as a solvent and
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Fig. 1 Chemical structures of PEG. a Commonly used PEG architectures
and functionalization. R represents a functional group. b Common PEG R
groups: i malemide; ii succinimidyl succinate; iii vinyl sulfone; iv N-
hydroxysuccinimide. ¢ Click chemistry reaction between a bifunctional

PEG chain and amine group on a protein coated surface. d PEGylated
lipid, mPEG-DSPE, used in the formulation of PEGylated liposomal
drugs such as Doxil®
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Fig. 2 Properties of PEGylated therapeutics in the absence and presence
of «PEG Abs a PEG associates with water molecules to create a shield
around a PEGylated therapeutic, protecting the drug from immunogenic
recognition by anti-therapeutic antibodies. Additionally, PEGylation
increases the HD of a therapeutic, preventing renal clearance. b The

emulsifying agent in consumer products [17, 18]. PEG can be
found in everyday products such as shampoo, moisturizers,
makeup, and soap [2, 17]. In 1992, product formulation data
reported to the FDA showed that 7 structures of PEG, varying
in molecular weight, polymer architecture, and
functionalization, could be found in 262 different commercial-
ly available cosmetic formulations [2]. By 2015, the variations
of PEG found in cosmetic products had increased drastically
to over 340 structures [17]. The prevalence of PEG in con-
sumer products has increased in the past four decades, with a
growing variety of chain sizes, structures, and functional
groups, and this trend is likely to continue [2, 17].

PEG has been implemented so widely in the cosmetic and
pharmaceutical industry partially due to its perceived inert
nature [7]. However, in 1983, it was first reported that
«PEG Abs could be observed in rabbits following immuniza-
tion with PEGylated ovalbumin [19]. The antigen was emul-
sified using Freund’s complete adjuvant, which is known to
amplify the antibody response [19]. One year later, levels of
pre-existing «PEG Abs were first detected in blood donors
without previous exposure to PEGylated therapeutics [20].
«PEG Abs detected in humans have been hypothesized to
develop due to the repeated exposure to PEG-containing
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same therapeutic, if non-PEGylated, can be opsonized by anti-
therapeutic Abs, and later phagocytosed, in addition to being cleared by
the kidneys. ¢ In the presence of *PEG Abs, the PEGylated therapeutic
can be opsonized by «PEG Abs and phagocytosed

products [21]. Both «PEG immunoglobulin M (IgM) and G
(IgG) have been observed in healthy blood donors [21]. IgM is
associated with the primary immune response, appearing upon
the first exposure to an antigen, while IgG is usually associat-
ed with a secondary antigen exposure [22]. In the presence of
pre-existing xPEG Abs, patients receiving treatment with a
PEGylated drug can experience accelerated blood clearance,
changes in pharmacokinetic after multiple doses, decreased
therapeutic function due to decreased therapeutic circulation
time, and hypersensitivity reactions [23-25].

Since the 1990 approval of the first PEGylated drug
Adagen®, an enzyme replacement therapy for the treatment
of severe combined immunodeficiency disease, there has been
a considerable increase in the pervasiveness of PEG in both
the formulation of personal care products and FDA approved
PEGylated therapeutics (Fig. 3) [14]. Physicians and re-
searchers have been investigating how «PEG Abs emerge
and interfere with therapeutics. Given the increasing preva-
lence of PEG in the clinic and on consumer’s shelves, further
investigation is required to fully assess the safety and efficacy
of PEGylated drugs. Reactions to PEGylated drugs can cause
life-threatening consequences to patients [23]. Numerous re-
ports of pre-existing and drug-induced «xPEG Abs causing
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Table 1 PEGylated drugs approved by the FDA. Adapted from [13, 14]

Brand Generic name Indication PEGylated PEGsize #PEG  Year

name molecule (kDa) chains approved

Adagen Pegademase bovine Severe combined immunodeficiency disease Enzyme 5 11-17 1990

Oncaspar  Pegasparginase Acute lymphoblastic leukemia Enzyme 5 69-82 1994

Doxil Doxorubicin hydrochloride Ovarian cancer, AIDS-related Kaposi’s Sarcoma, Liposome 2 n/a 1995
liposome multiple myeloma

Onivyde  Irinotecan liposome Metastatic adenocarcinoma of the pancreas Liposome 2 n/a 1996

Pegasys Peginterferon alfa-2a Hepatitis B, C chronic Protein 40 1 2001

Peglntron  Peginterferon alfa-2b Hepatitis C, chronic Protein 12 1 2001

Neulasta  Pegfilgrastim Neutropenia, hematopoietic subsyndrome of acute Protein 20 1 2002

radiation syndrome

Somavert Pegvisomant Acromegaly Protein 5 4-6 2003

Macugen  Pegaptanib Neovascular age-related macular degeneration Aptamer 20 2 2004

Mircera mPEG-epoetin beta Anemia associated with chronic kidney disease Protein 30 1 2007

Cimzia Certolizumab pegol Crohn’s disease, theumatoid arthritis, psoriatic arthritis, FAB 40 1 2008

ankylosing spondylitis fragment

Krystexxa Pegloticase Gout Enzyme 10 36 2010

Sylatron  Peginterferon alfa-2b Melanoma Protein 12 1 2011

Omontys  Peginesatide Anemia associated with chronic kidney disease Peptide 40 1 2012

Movanik  Naloxegol Opioid-induced constipation Small <l 1 2014

molecule

Plegridy  Peginterferon beta-1a Multiple sclerosis Protein 20 1 2014

Adynovate Antihemophilic factor, Hemophilia A Protein 20 1 ormore 2015
PEGylated

Rebinyn  Coagulation factor IX, Hemophilia B Protein 40 1 2017
glyco PEGylated

Asparlas  Calaspargase pegol Acute lymphoblastic leukemia Enzyme 5 31-39 2018

Palynziq  Pegvaliase Phenylketonuria Enzyme 20 9 2018

Revcovi  Elapegademase Adenosine deaminase severe combined Enzyme 5.6 13 2018

immunodeficiency

adverse reactions against PEGylated drugs in the lab and in
the clinic have emerged in recent years [23, 25-27]. Adverse
reactions caused by «PEG Abs can lead to the early termina-
tion of clinical trials, posing a huge financial burden to drug
developers [27]. It has been estimated that the cost per patient
in a phase 3 clinical trial is approximately $42,000 [28].
Therefore, a failed clinical trial would result in the loss of
millions, if not billions of dollars. This problem highlights a
pressing need for testing PEGylated drugs in animal models
with relevant blood concentrations of xPEG Abs before trials
in human patients.

Immunological Mechanisms of aPEG Ab
Induction

The immune mechanism that leads to the production of xPEG
Abs must be understood. Both T cell-independent (TI) and T
cell-dependent (TD) mechanisms have been proposed for the
induction of xPEG Abs. TI «PEG Ab induction occurs when
the antigen crosslinks with receptors on IgM (natural effector)
memory B cells. These cells are commonly found in the mar-
ginal zone of the spleen in rodents [29]. As a result, these cells
secrete high concentrations of IgM. Low concentrations of

2016: Yang et al.

1984: Richter et al. 1990: First 1995: First detect aPEG Abs
detect aPEG Abs PEGylateddrug  nanodrug in 72% oh
in 0.3% of healthy approved by the approved by the healthy donors
donors FDA (Adagen®) FDA (Doxil®) (mean: 52 ng/ml)
3 ) [ — ) ® @ >

1992: 7 distinct
PEG structures
present in
consumer
products

2015: 340 distinct
PEG structures
present in
consumer products

Fig. 3 Timeline of the prevalence of xPEG Abs (red), PEGylated drugs (black), and PEG in consumer products (blue)
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IgG have also been observed in parallel with IgM. No class
switching is observed. Abs produced via the TI pathway have
a weaker affinity for PEG as compared to their TD counter-
parts. TI induction of xPEG Abs has been associated with the
injection of PEGylated nanoparticles, such as PEGylated lipo-
somes (Table 2) [29-34].

Work by Ishida et al. has been transformative in the under-
standing of the TI mechanism [29-33]. Ishida et al. demon-
strated that the spleen plays a large role in the induction of
«PEG IgM with PEGylated liposomes [35]. Upon the first
exposure to PEGylated liposomes, «PEG IgM is induced
and secreted by the spleen. When a second injection is admin-
istered, IgM binds selectively to PEG, triggering the comple-
ment system. The liposomes are then opsonized and phago-
cytosed by Kupffer cells in the liver. This leads to increased
particle accumulation in the liver and a decrease in circulation
time for the second dose of liposomes, associated with the

Table 2

accelerated blood clearance (ABC) phenomenon. Ishida
et al. surgically removed the spleens of rats at different
timepoints prior to a first injection with PEGylated liposomes.
Animals that had been splenectomized showed reduced levels
of «PEG IgM after first exposure to PEGylated liposomes.
After a second injection, the animals did not present the drastic
decrease in circulation time nor an increase in liver accumu-
lation of liposomes associated with the ABC phenomenon.
Additionally, serum from splenectomized rats showed dimin-
ished complement activation upon exposure to PEGylated li-
posomes in vitro.

Ishida et al. employed immunodeficient athymic mice
to verify TI «PEG Ab induction [32]. These mice were
injected with PEGylated liposomes, and 10 days after the
injection «PEG IgM and IgG levels were assessed. A
significant IgM titer was detected in the absence of T
cells, and the depletion of marginal zone lymphocytes in

Comparison of T cell independent and dependent mechanisms of xPEG Ab induction [29, 34, 36-38]
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the spleen, which are presumed to be B cells, significantly
suppressed «PEG IgM induction. The authors propose
that the induction of «PEG IgM occurs by a TI mecha-
nism, in which PEG activates marginal B cells directly.
The same mechanism has been observed in immune reac-
tions against other highly repetitive structures, such as
polysaccharides [39]. The time course of xPEG Ab IgM
and IgG titers induced by the TI mechanism have been
assessed by Kozma et al. in a larger porcine animal mod-
el. Pigs injected intravenously with PEGylated liposomes
showed a rise in IgM titers within 5 days, peaking around
10 days. IgG titers paralleled IgM titers in time course but
were significantly lower in concentration. A secondary
response did not occur with repeated injections [40].

In contrast, T cell-dependent (TD) mechanisms have been
observed when the PEGylated moiety is an immunogenic pro-
tein [29, 41]. The induction of Abs is triggered by the presen-
tation of peptides to helper T cells by B cells. The resulting
Abs have a high affinity for PEG. The Ab response is charac-
terized by an initial peak in IgM, followed by class switching,
and then a larger peak in IgG. The IgG peak is always greater
in concentration than the IgG peak. Unlike for TI mechanisms,
TD mechanisms are characterized by a much stronger second-
ary response relative to the primary response (Table 2) [29, 34,
36-38]. Sherman et al. and Saifer et al. demonstrated the TD
mechanism in rabbits. Injection of PEGylated proteins given
with or followed by Freund’s adjuvant led to the production of
IgG. These researchers showed that generally Ab production
occurred despite variations in protein type (human interferon-
alpha, porcine uricase, or human serum albumin), PEG
functionalization (methoxy-, hydroxy-, and t-BuO-), and mo-
lecular weight. Thus, validating the TD mechanism.

In a study by Mima et al., xPEG IgM was induced in a dose-
dependent manner in mice injected with PEGylated ovalbumin
(PEG-OVA) [29]. However, immunodeficient mice did not de-
velop «PEG IgM upon receiving the same PEG-OVA injec-
tion, indicating a TD mechanism. Another study investigated
the oPEG IgM response upon administration of Pegfilgrastim,
the PEGylated form of recombinant human granulocyte
colony-stimulating factor [41]. Splenectomized mice did not
develop oPEG IgM, indicating that the spleen plays a role in
Ab induction. This is consistent with previous observations of
the Ab response to PEGylated liposomes [35]. However, sim-
ilar to PEG-OVA [29], the «PEG IgM response was signifi-
cantly lower in immunodeficient mice [41]. In animals treated
with cyclophosphamide, which depletes mice of splenic B-
cells, lower xPEG IgM levels were also observed [41].

Pre-Existing aPEG Abs in the Population

In 1984, the first attempt to study the prevalence of xPEG Abs
was made by Richter et al. [20]. Serum samples from 453

healthy volunteers were obtained from blood banks in Japan,
Germany, and Italy, as well as from 92 patients allergic to
ragweed and honey bee venom [20]. Samples were analyzed
using a passive hemagglutination assay, in which red blood
cells (RBCs) coated with 6 kDa methoxy-PEG (mPEG) were
incubated with serial dilutions of donor sera [20]. If the blood
agglutinated or clumped, the presence of Abs against PEG
was confirmed. Due to the semi-quantitative nature of this
assay, it is not possible to state the levels of detection in com-
parison to other quantitative methods. Positive xPEG Ab ti-
ters, predominantly IgM, were detected in 0.2% of healthy
patients, and in 3.3% of patients with untreated allergies
[20]. The increased prevalence of pre-existing ®PEG Ab in
patients with allergies in comparison to healthy patients was
not discussed, and the reason for this difference remains un-
known [20]. Patients with allergies were treated with
PEGylated allergens for hyposensitization therapy for one
year, and 50% of the patients had positive xPEG Ab titers at
the end of the treatment [20]. One year after the end of the
treatment, positive titers were detected in only 28.5% of the
patients. Despite the notable increase in detected xPEG Ab
after treatment with PEGylated allergens, and the persistence
of xPEG Abs in over half of the patients, Richter et al. deemed
the increased Ab response in patients with allergies to not be
of clinical significance and claimed it would not affect treat-
ment with PEGylated allergens. This conclusion ignored the
risk of potentially anaphylaxis-inducing hyposensitization
therapies and delayed research concerning «PEG Abs, as
many doubted their importance in the clinic [42].

In 2016, Yang et al. analyzed 377 contemporary serum
samples, as well as 79 historical serum samples from the
1970s to 1990s [21]. Using a quantitative, competitive
enzyme-linked immunosorbent assay (ELISA) with detection
limits ranging from 2 to 15 ng/ml, 72% of contemporary sam-
ples were found to have detectable levels of *PEG Abs. The
geometric mean of xPEG Abs concentrations was calculated
to be 52 ng/mL for IgG and 22 ng/mL for IgM. While race was
not shown to have an effect on xPEG Ab levels, both serum
concentration and prevalence of «PEG IgG decreased with
age, and females were more likely to have detectable xPEG
IgM levels. Interestingly, analysis of historical samples
showed a higher prevalence of «PEG Abs than previously
reported (0.2% in 1984) [20]. Approximately 56% of serum
samples from the 1970s to 1990s presented detectable levels
of «PEG IgG and/or IgM [21]. The high percentage of histor-
ical samples that were positive for xPEG Abs indicates that
Richter et al. might have underestimated the prevalence of
«PEG Abs, likely due to the use of a less sensitive detection
method [21]. However, the increase in the presence of xPEG
Ab from 56% in historical samples to 72% in contemporary
samples supports the hypothesis that xPEG Abs levels in the
general population is increasing due to the increased preva-
lence of PEG in commonly used products.
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aPEG Antibodies and Adverse Reactions
to PEGylated Therapeutics

Pegloticase is a recombinant uricase, PEGylated with approx-
imately 36 chains of 10 kDa PEG, used in the treatment of
patients with refractory gout [26]. In the 2006 open-label
phase I trial of Pegloticase, Ganson et al. detected anti-PEG
IgG and IgM via ELISA in 5 out of 13 (38%) patients after a
single subcutaneous injection of the drug [43]. However, it
should be noted that the ELISA was performed using a wash
buffer containing 0.1% Tween-20, a polyoxyethylene surfac-
tant that can have cross-reactivity with and alter the detection
of xPEG Abs [43].

Eight years later, Hershfield et al. investigated the efficacy
of a less frequent dosing regimen of Pegloticase, as well as the
presence of pre-existing and treatment-induced xPEG Ab
levels in a phase 2 clinical trial [26]. Of the 30 participants,
13 (43%) developed «PEG Abs that led to accelerated drug
clearance, relative to pharmacokinetics observed for patients
without detectable Abs [26]. The percentage of patients who
developed «PEG Ab is comparable to the 38% positive rate
Ganson et al. had found in 2006 [43]. In addition to the ELISA
developed by Ganson et al., Hershfield et al. implemented a
competition ELISA to determine the specificity of xPEG Abs
[26]. Samples were incubated with either phosphate-buffered
saline, 10 kDa PEG-diol (PEG without the methoxy terminal),
or unmodified recombinant uricase [26]. Incubation with
10 kDa PEG-diol, but not with the non-PEGylated uricase,
caused inhibition in the *PEG Ab ELISA in all 13 «PEG
Ab positive samples post-treatment [26]. It was therefore con-
cluded that the Abs recognized the PEG backbone, rather than
the methoxy or the unmodified protein [26]. In addition to
treatment-induced Abs, Hershfield et al. detected pre-
existing xPEG Abs in 19% of Pegloticase-naive patients, all
of which were classified as non- or transient responders to the
drug treatment [26]. Given the correlation established between
higher xPEG Ab levels and decreased therapeutic efficacy,
screening patients for pre-existing «PEG Abs prior to the
administration of PEGylated drugs can help to determine the
probability of therapeutic success.

Pegnivacogin is an RNA aptamer that inhibits coagulation
factor IXa, PEGylated with 40 kDa branched methoxy poly-
ethylene glycol (mPEG) [27]. A 2013 phase 2b clinical trial of
the drug assessed the safety, efficacy, and pharmacokinetics of
an anticoagulation system containing Pegnivacogin in patients
with acute coronary syndrome [27]. Minutes after the admin-
istration of the first dose, two patients developed an anaphy-
lactic reaction, and one developed an isolated skin reaction
[27]. This caused the trial, involving 640 patients, to be termi-
nated [23]. The 3 patients that developed severe allergic reac-
tions to the treatment with Pegnivacogin had the highest blood
concentrations of pre-existing «PEG IgG among all study
participants (within the top 2.3%). In total, 36% of patients
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had positive titers of aPEG IgG. A competition ELISA
showed that the Abs present in these samples were specific
to Pegloticase, Pegnivacogin, Adagen®, 10 kDa PEG-diol,
10 kDa mPEG, and a hexylamino 40-kDa branched mPEG.
Of note, the Abs did not bind to the un-PEGylated adapter,
demonstrating the antibody’s specificity to the PEG compo-
nent of the drug. Serum samples from trial patients were tested
using two ELISAs, one detecting IgG specific to the 40 kDa
mPEG chains attached to Pegnivacogin, and the other IgG
specific to Pegloticase. Similarly to the ELISA developed by
Hershfield et al., the assay was not quantitative [26]. The
ELISAs read an absorbance relative to the xPEG Ab concen-
tration of each sample, but without converting absorbance
values to the actual xPEG Ab concentration through a stan-
dard curve, it is not possible to compare xPEG Ab levels
between different studies [23, 26].

Pegasparaginase, commercially known as Oncaspar®, is
an E. coli-produced asparaginase, PEGylated with 5 kDa
mPEG through a succinimidyl succinate linker (SS-linker)
[44]. The drug is used to treat pediatric acute lymphoblastic
leukemia (ALL) [44, 45]. When PEGylated, the non-human
epitopes-present on the drug are less immunogenic, but in the
presence of «PEG Abs, neutralizing hypersensitivity reac-
tions and accelerated drug clearance have occurred,
compromising the efficacy of the treatment [46, 47].

After treatment with Pegasparaginase, in 2007, Armstrong
et al. detected «PEG IgM in 9 out of 28 (32%) patients using a
hemagglutination assay, and in 13 out of 28 (46%) patients by
incubating samples with PEG beads and analyzing them via flow
cytometry [48]. Accelerated clearance of Pegasparaginase was
linked to the presence of «PEG IgM in the study, as all patients
with positive xPEG IgM titers exhibited low asparaginase activ-
ity. It was also reported that 13% of patients treated with unmod-
ified asparaginase tested positive for «PEG Abs, although the
antibodies did not interfere with the asparaginase serum activity.
The Abs detected in the control group are thought to be pre-
existing «’PEG Abs, rather than induced by the treatment, as
the control drug did not contain PEG.

In 2020, Kloos et al. investigated neutralizing hypersensi-
tivity reactions to Pegasparaginase in different stages of treat-
ment [49]. Patients received Pegasparaginase intravenously
thrice over a 40-day induction phase. Following a 12-week
interruption, patients received 14 doses of PEG-asparaginase
in the intensification course [47, 50, 51]. Out of 18 children,
12 developed neutralizing hypersensitivity reactions during
the induction phase, and 6 during the intensification phase
[49]. In both phases, all patients presented «PEG IgG.
«PEG IgM was detected in 75% of patients with hypersensi-
tivity reaction during the induction phase, and in 50% of pa-
tients with the reaction during the intensification phase. In
both groups, IgG titers were approximately 100 times higher
than IgM titers. While both anti-asparaginase and anti-SS-
linker antibodies have been detected, 39% of patients with
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hypersensitivity reactions had exclusively *PEG Abs, indicat-
ing their capacity to provoke neutralizing reactions. The au-
thors also observed pre-existing «PEG 1gG and IgM in 58%
and 21%, respectively, of patients with no adverse reactions to
the treatment. Similar to observations made by Armstrong
et al., pre-existing *PEG Abs did not have the same capacity
to provoke neutralizing reactions as xPEG Abs acquired from
treatment [48, 49].

aPEG Antibodies and Adverse Reactions
to PEGylated Liposomes

PEGylated liposomes can be employed as drug carriers, with the
benefits of altered pharmacokinetics and reduced drug toxicity
[52]. However, liposomes, as opposed to proteins, peptides, and
enzymes, are known to act as potent adjuvants and can induce
antibody responses against otherwise weakly immunogenic an-
tigens [53-55]. In the early 2000s, it was observed that xPEG
IgG caused accelerated clearance after multiple injections of
PEGylated liposomes [56-58]. Sroda et al. injected rabbits intra-
venously with liposomes containing 20% of the PEG derivative
of phosphatidylethanolamine (PE) (PEG-PE) weekly, for 6
weeks [59]. The authors identified xPEG IgG in treated animals.
In a 2005 study, Semple et al. detected liposome-reactive IgM
one week after the first injection of PEGylated liposomes, with
titer levels increasing over the course of four injections [60].
Minimal IgM levels were observed in the plasma of mice
injected with a PEG-free lipid, indicating the specificity of this
antibody to PEG. It should be noted that 0.1% Tween was used
in the detection ELISA [60]. Cross-reactivity between Tween,
which contains multiple PEG blocks within its structure, and
«PEG Abs may have altered results.

Doxil®, the PEGylated liposomal formulation of doxorubi-
cin, was the first FDA-approved nano-drug, coming to the mar-
ket in 1995 [52, 61]. The drug is currently used in the treatment
of ovarian cancer, Kaposi’s sarcoma, and melanoma [52], and
has been shown to induce xPEG Abs [25, 62]. Approximately
10% of patients treated with Doxil® experienced acute
infusion-related reactions that result in termination of treatment
[61]. Complement activation-related pseudo allergy (CARPA)
has been found to be a major cause of these reactions [63—65].
Neun et al. investigated the role of xPEG Abs in CARPA
in vitro [62]. Well-characterized mouse «PEG IgG and IgM
clones from commercial suppliers at a concentration of 10
pg/ml were incubated with Doxil®. A two-fold increase in
complement component C3a plasma levels was observed after
the drug was incubated with a PEG backbone specific IgG
clone. Additionally, all three of the assessed PEG backbone
specific [gM Abs resulted in a more than a three-fold increase
in C3a levels after incubation with Doxil®.

Kozma et al. assessed the time course of xPEG Ab Abs
titers CARPA pig model [40]. Animals were immunized with

PEGylated liposomes, which induced high titers of xPEG
IgM. Upon a bolus injection with Doxil®, a rapid decline of
«PEG IgM titer was observed, as well as complement activa-
tion and pseudo-anaphylactic reactions in 4 out of 5 animals.
The decrease in Ab titers can likely be attributed to scavenging
of the liposome-IgM complex by the MPS.

Neun et al. also investigated the relationship between com-
plement activation by Doxil® and pre-existing «PEG Abs in
healthy human donors [62]. However, unlike in mice, a rela-
tionship between human «PEG Abs, Doxil®, and complement
activation was not observed in this study. The authors hypoth-
esized that the gap between mouse and human results occurs
because mouse «PEG Abs are monoclonal, generated by a
single parent B cell, and recognize the same epitope on an
antigen. This results in high-affinity Abs, which were used in
a high concentration in the in vitro study (10 pg/ml). In contrast,
human «PEG Abs are polyclonal, produced by different B cell
clones, and can bind to different epitopes in the same antigen.
Abs present in human plasma have unknown characteristics
and specificity, as they were generated from environmental
exposure to PEG. This supports why pre-existing *PEG Abs
do not possess the neutralizing capacity of treatment-induced
«PEG Abs, as observed in earlier clinical studies [48, 49].

In parallel work by Hsieh et al., pre-existing xPEG Abs
were found to alter the pharmacokinetics, biodistribution, and
therapeutic efficacy of Doxil® in murine models [25].
However, the animals were injected intravenously with a com-
mercially available antibody, and had xPEG IgG serum con-
centration of approximately 15 pg/mL, similar to the 10 pg/
mL concentration Neun et al. used when incubating mouse
«PEG Abs with Doxil® in vitro [25, 62]. The «PEG Abs
concentrations used in these studies are too high compared
to the 52 ng/ml mean associated with the general population
determined in Yang et al., making the models clinically irrel-
evant for the majority of the population [21, 25].

Advances in the understanding and managing of xPEG Abs
might be important in the context of the COVID-19 pandemic.
Both the Pfizer-BioNTech and Moderna SARS-CoV-2 vaccines
have been recently authorized by the FDA under an Emergency
Use Authorization and contain messenger ribonucleic acid
(mRNA) delivered within PEGylated lipid nanoparticles. These
vaccines are the first approved mRNA vaccines, and the first to
include the polymer in their compositions, containing PEG with
a molecular weight of 2000 Da [15, 16]. Rare cases of anaphy-
laxis following vaccine administration have been reported by the
Centers for Disease Control and Prevention (CDC) [66]. It is
suspected that xPEG Abs may be associated with anaphylactic
reactions to the SARS-CoV-2 vaccine [67], and thus applying
the methods outlined in this review could be helpful in avoiding
and managing these reactions.

Due to global efforts to combat COVID-19, there are over
90 vaccines against SARS-Cov-2 in active clinical trials [68].
Many of them employ more traditional vaccine technology
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that does not contain PEG in their formulations. For example,
the Oxford-AstraZeneca vaccine uses a chimpanzee adenovi-
rus vector [69], while Sinovac’s CoronaVac is an inactivated
virus vaccine [70]. As these and many others become ap-
proved and available to the public, PEG-free vaccines might
offer a viable alternative for patients with known allergy to
PEG or high concentrations of xPEG Abs in order to avoid
anaphylactic reactions.

Conclusions and Future Directions

There is a need for a standardized, sensitive, and quantitative
method of *PEG Ab detection. Techniques, such as hemag-
glutination, were used for detection of «PEG Ab in early
studies can only detect Abs with a strong affinity or in large
concentrations in a sample, and are now outdated [19].
Because of its higher sensitivity, ELISA is currently the
gold-standard method to detect xPEG Abs, however multiple
studies used polyoxyethylene-based surfactants such as
Tween in blocking and wash buffers [43, 60]. The addition
of polyoxyethylene surfactants has been a target of critiques
against xPEG Ab studies due to the ability of the surfactant to
cross-react with «PEG Abs [71]. While today, the surfactants
are no longer used in xPEG Abs ELISAs, most groups still
develop their own detection assays [71]. This makes it diffi-
cult to compare findings between studies, especially if the
concentration of the Ab titer is not determined. A standardized
protocol for xPEG Ab detection is necessary and would ac-
celerate the advancement of the field.

Moreover, the induction of xPEG Abs has been investigat-
ed mostly with strong adjuvants administered alongside high
quantities of a PEGylated entity [19, 25, 58, 59]. As valuable
as these studies can be in identifying the existence of xPEG
Abs, there is no clinical relevance in the use of adjuvants to
induce Abs against PEGylated therapeutics. An exception can
be made in the case of PEGylated liposomes, where the
nanocarrier itself can act as an adjuvant to enhance the im-
mune response. Therefore, animal experiments that aim to
induce xPEG Abs with therapeutic doses of PEGylated parti-
cles should be performed, considering the variety of molecular
weights of PEG and polymer architectures found in FDA ap-
proved treatments. As more studies are suggesting CARPA
and accelerated drug clearance could be influenced by levels
of pre-existing «PEG Abs [25, 62], another need for animal
models is to accurately reflect the concentration of xPEG Abs
found in the population. A model like this could be used to
thoroughly understand how the blood concentration of xPEG
Abs affects treatment with PEGylated therapeutics prior to a
drug reaching clinical trials.

Finally, as the relation between pre-existing xPEG Abs and
adverse reactions to PEGylated drugs is better understood, pre-
ventative methods can be implemented in the clinic. For
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example, a standardized ELISA could be used to screen a pa-
tient’s «PEG Abs blood concentration prior to starting a treat-
ment with PEGylated therapeutics. Therefore, patients with
high blood concentrations of xPEG Abs that could potentially
lead to anaphylaxis or decreased therapeutic efficacy could be
directed to alternative therapeutics or receive additional moni-
toring in case adverse reactions occur after drug administration.

Initial misguided conclusions about the inert nature of PEG
have delayed the scientific efforts to understand xPEG Abs
[20]. Although some research groups have attempted to answer
questions regarding the formation of both pre-existing and
treatment-induced «PEG Abs and reactivity with PEGylated
drugs, there are still knowledge gaps yet to be explored.
Recent discoveries in the structure of xPEG Abs revealed an
open ring structure that captures and stabilizes the flexible PEG
chains [72]. These findings may explain why free or
crosslinked PEG chains do not elicit an xPEG Ab response,
as the chains are not sterically presented in a way they can
interact with the open ring structure on «xPEG Abs. With the
rising prevalence of PEG in consumer products and therapeu-
tics, including novel COVID-19 vaccines, and consequently of
«PEG Abs, these gaps must no longer be ignored.
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