1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 January 01.

-, HHS Public Access
«

Published in final edited form as:
Adv Drug Deliv Rev. 2022 January ; 180: 114079. doi:10.1016/j.addr.2021.114079.

To PEGylate or not to PEGylate: immunological properties of
nanomedicine’s most popular component, poly(ethylene) glycol
and its alternatives

Da Shil# Damian Beasock?#, Adam Fessler?, Janos Szebeni3, Julia Y. Ljubimova?, Kirill A.
Afonin2, Marina A. Dobrovolskaial”

INanotechnology Characterization Lab, Frederick National Laboratory for Cancer Research
sponsored by the National Cancer Institute, Frederick MD, USA,;

2University of North Carolina Charlotte; Charlotte, NC, USA;
3Semmelweis University, Hungary;

4Terasaki Institute for Biomedical Innovation, Los Angeles, CA, USA.

Abstract

Poly(ethylene glycol) or PEG has a long history of use in medicine. Many conventional
formulations utilize PEG as either an active ingredient or an excipient. PEG found its use

in biotechnology therapeutics as a tool to slow down drug clearance and shield protein
therapeutics from undesirable immunogenicity. Nanotechnology field applies PEG to create
stealth drug carriers with prolonged circulation time and decreased recognition and clearance

by the mononuclear phagocytic cells (MPS). Most nanomedicines approved for clinical use and
experimental nanotherapeutics contain PEG. Among the most recent successful examples are
two mRNA-based COVID-19 vaccines that are delivered by PEGylated lipid nanoparticles. The
breadth of PEG use in a wide variety of over the counter (OTC) medications as well as in drug
products and vaccines stimulated research which uncovered that PEG is not as immunologically
inert as it was initially expected. Herein, we review the current understanding of PEG’s
immunological properties and discuss them in the context of synthesis, biodistribution, safety,
efficacy, and characterization of PEGylated nanomedicines. We also review the current knowledge
about immunological compatibility of other polymers that are being actively investigated as PEG
alternatives.
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1. Introduction

1.1 Chemical structure and varieties of PEG

Polyethylene glycol (PEG) is produced from polymerization of ethylene oxide, ethylene
glycol, or diethylene glycol in the presence of alkaline catalysts and the reaction is ended

by neutralizing the catalyst when polymer reaches the desired molecular weight [1, 2]. The
chemical structure of PEG is HO-[CH5-CH5-O],-H, where n is the number of ethylene oxide
units and the molecular weight is calculated by (44 g/mol)*n. PEG is hydrophilic and each
ethylene glycol subunit surrounded by 2—-3 water molecules [3, 4]. PEG is soluble in water,
methanol, ethanol, acetonitrile, glycerin, glycols, benzene, and dichloromethane, and this
property makes PEG useful in many formulations and products [1]. PEG can have different
geometries, including linear, tube, branched, star, and comb [5]. Modifications can be made
to PEG to allow for further customization. A methyl ether cap (MPEG) can be added to PEG
to prevent hydrogen bonding at the cap end, which can restrict nonspecific interactions with
proteins and with other PEG chains [2]. Some PEGylated nanomaterials will have many
opportunities for multiple hydrogen bonds; a methoxy-PEG will have significantly less risk
of non-covalent crosslinking in such an environment.

PEG is also very flexible and exhibits high chain mobility that results in a large number
of polymer chain conformations, and a reduction in chain conformational freedom is
thermodynamically unfavorable [6-8]. PEG can be used to form a shell around micelles
[9]. PEG shells have a hydration sheath that sterically prevents biomacromolecules from
penetrating the polymer layer and binds to the core by hydrophobic or electrostatic
interactions [10-12]. PEG is a common product in drug formulations, pharmacological
and food products [1, 2, 13, 14]. PEG units used in drug formulations and consumables
generally range between molecular weights of 200-60,000 Da [2, 13, 15]. The molecular
weight of PEG used in nanomedicines such as Doxil, and in recent lipid-nanoparticles
mMRNA-based COVID-19 vaccines is 2000 [16]; that of nanomedicine CYT6091 is 20,000
[17]. Conjugation of the end hydroxyl group on PEG to reactive groups on compounds to
make formulations and larger PEG-matrices is also a common use for PEG, in the form of
PEGylated nanoparticles or medicine that allows for improved circulation, sustained release,
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improved efficacy and/or dissolution of drug, or production of artificial PEG-environment
[18-21]. Stealth characteristics of PEG require large amounts of PEG coating and may
depend on the type nanoparticle to which it is conjugation (i.e., more for metals or
polymers) [22, 23].

Hydrophilic and stealth properties of PEG

One of the early examples of using PEG to modify biomolecules include the conjugation
of PEG-1900 and bovine albumin that resulted in changes in the protein’s physical and
chemical properties, including greater solubility in a wider pH range, from 1-12; prevented
interaction of ion exchangers with the protein, and allowed the PEGylated-albumin to
remain in circulation longer than unconjugated albumin [24]. Intravenous (i.v.) and
intramuscular (i.m.) injection of unconjugated albumin resulted in antibody production
whereas reduced antibody levels were observed with PEGylated albumin [24]. This study
suggested that PEGylation masked antigenic sites on albumin thereby inhibiting their
recognition and an immune response.

Conjugation of PEG to a nanoparticle surface reduces opsonization (the binding of plasma
proteins) and stalls clearance of PEGylated nanoparticles by the mononuclear phagocyte
system [25-27]. As such, PEGylated nanoparticles have longer circulation time than

their unPEGylated counterparts; this property contributes to an improved efficacy of the
PEGylated nanoformulations through the increased circulation time and sustained drug
release. For example, chitosan-nanoparticles formulated with longer PEG chain (2000 or
5000 molecular weight) or greater PEG surface density (43% and 75%) showed more
sustainable drug release than control formulations [28, 29]. In another study, an increase of
mPEG surface density on chitosan nanoparticles also increased cumulative drug release rates
and prolonged circulation half-life [26].

Protective properties of PEG

PEG found several applications in organ transplantation and ischemia reperfusion areas.
Some examples of PEG’s protective properties are reviewed in this section. High molecular
weight PEG is used in organ preservation to provide protection and as a restoring agent that
prevents apoptosis [30, 31]. Some studies suggested that PEG can direct tolerogenic action
of donor antigen delivered with a transplanted organ[32]. PEG is also used in blood banks
as potentiator that enhances agglutination for the detection of antibodies and antigens in
patients’ blood[33].

Hepatocyte ischemia reperfusion injury (IR1) is inherent to the liver surgical procedures

and transplantation. In this case, pretreatment with PEG is considered for organ protection
during surgery planning. PEG with molecular weight 35 kD has also been shown to protect
heart against reperfusion injury and steatotic liver against cold IRI[34]. Protective effects of
PEG are dose dependent. For example, PEG-35kD at the 10 mg/kg dose reduced liver injury
biomarkers, reduced elevated mitochondrial depolarization, caspase 3 and caspase 9 activity,
and prevented decrease of F-actin/G-actin ratio, whereas 2 mg/kg did not [35]. Endothelial
cells (EC) are more insulated with PEG treatment because PEG induces potent endothelial
barrier enhancement, increases resistance compared to cells without PEG. Addition of PEG
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also decreased permeability of FITC-dextran from cells compared to cells without PEG

for up to 24 hours [35]. Wu et al. showed that PEG attaches to the cell’s membrane and
does not wash off presumably limiting cell’s permeability and increasing the resistance to
opportunistic pathogen Pseudomonas aeruginosa. In contrast, removing PEG from media
normalized the resistance[35]. PEG pretreatment was shown to protect against ionomycin-
induced barrier disruption but only for a short time, suggesting that PEG does not form a
barrier around EC cells. Addition of PEG after the barrier disruption led to faster restoration
of barrier function with thrombin [35]. Staining for F-actin showed F-actin bundling and
ruffling of lamellipodia at periphery of EC cells after PEG treatment, which correlates with
barrier enhancement [35].

The addition of PEG for 5 minutes to a wound site was able to seal neuronal membranes and
reduce biomarkers for oxidative stress, including decreased lipid peroxidation and protein
carbonyl content as well as increase of glutathione levels, following acute spinal cord injury
in guinea pigs at an injury site and surrounding area[36]. A second study by the same group
showed that the addition of PEG-2000 to an injury site reduced calcium levels and higher
mitochondrial function compared to the vehicle treatment group. They showed PEG-FITC is
able to diffuse into cytoplasm of injured cells where it is presumably able to gather around
organelles; the addition of PEG also reduced mitochondrial permeability and prevented
apoptotic events like mitochondrial swelling[37].

1.4. PEG in consumer product, pharmaceutical and biological applications

PEG has been formulated into a variety of consumer products including foods, cosmetics,
ointments, and medicine. PEG use in consumer goods is varied from surfactants to
dispensing agent, solvents, and excipients. The use of PEG with a mean molecular weight
200-9,500 is FDA-approved for human consumption[38] and previous reviews have shown
that PEG, with molecular weight of 200-10,000, in cosmetics and pharmaceuticals at

the most commonly used concentrations and formulations is considered safe [13, 39].
Commonly, PEG is used for pharmaceutical and biomedical applications in the form of

pill binders, tablet surface coating, parenteral liquid preparations, lubricants, ultrasound
gel, ointment base, suppositories and organ preservatives[40]. An earlier study adding PEG
8000 to rat diet resulted in reduction of tumor instances after exposure to carcinogen
azoxymethane. Both 2% and 5% PEG significantly decreased number of tumorogenic
events, with almost none found in 5% PEG feed after 42 days of PEG-diet[41]. PEG at
high concentrations can be used as laxative, though cases of renal insufficiency and toxicity
have been reported[42, 43].

PEG is known to be a fusogen, i.e., an agent that is able to fuse cells by the cell membranes.
The fusogenic activity is not known mechanistically but thought to be due to the PEG
hydrophilic nature and may be due to dehydrating cell membranes to allow protein and lipid
structural elements to resolve into each other and eliminating membrane breaches. PEG is a
known membrane surfactant and may encourage membrane resealing by reducing membrane
surface tension and enhancing membrane fluidity [44]. This property found a use of PEG in
the hybridoma formation step of monoclonal antibody production technology[45].
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The fusogenic activity of PEG is also used in vitro to improve a detection of some

cellular organelles. For example, mitochondria go through continuous cycles of fusion and
fission. They can vary from extensive interconnected networks to separate small populations,
depending on cell’s energy need and nutrients available. The only direct measure of fusion
and fission is the PEG fusion assay, which measures content mixing between separately
labeled fluorescent mitochondria in two cells whose plasma membranes have been fused
through addition of PEG [46]. However, when the number of fusion events is low, searching
manually for events can add bias. Mitochondria fusion in this assay is assessed by

applying different fluorescent labels to mitochondria and observing colocalization of the
fluorescent signal; the negative control is double knockout and shows approximately ~1 %
of colocalization whereas the positive control shows ~96% colocalization. PEG addition
improves fusion rates and shows greater dye colocalization in HEK cells.

1.5. PEG in nanomedicine

PEG is the most common component of hanomedicines, largely due to its stealth
properties discussed above in section 1.2. Herein, we review some examples of PEGylated
nanomedicines and their improved performance in comparison to unformulated drugs or
products formulated using unPEGylated carriers.

Anticancer drug, doxorubicin, conjugated to PEGylated nanotubes decreased tumor size

in mouse. Release was measured over 42 days, with most being released over the first
seven days and much lower following days[5]. The authors of this study concluded that
PEG-nanotubes can release effectively over 5 days and that only 85-90% of doxorubicin
were released. In vitro PEG-nanotubes carrier was not cytotoxic to MCF-7 and MDA-
MB-231 cells whereas doxorubicin loaded PEG-nanotubes decreased cell viability; reduced
tumor size was observed in vivo when doxorubicin loaded PEG-nanotubes were injected
intratumorally and, to the lesser extent, after i.v. injection[5]. PEGylated mesoporous silica
and polysilsesquioxane nanoparticles were shown to successfully deliver nucleic acids,
functional nucleic acid nanoparticles, and small molecules to various cancer cells [47-49].

PEGylated chitosan nanoparticles are a promising carrier that allows for improved systemic
circulation time and reduced uptake by macrophage, and improved solubility for drugs,
proteins and genes[26, 50]. Formulation of chitosan with mPEG increased particle solubility
in water[50]. Methotrexate (MTX), a commonly used drug for cancer treatments, by itself

is not soluble in water and has poor permeability. Spherical mMPEG-chitosan-MTX drugs
with various mPEG MW (750, 2000, 5000) resulted in release of MTX at 0.5h point and
sustained for 12h in vitro. Larger molecular weight mPEG resulted in reduced macrophage
uptake.

Lipoplexes (liposome & DNA complexes) are more likely to be adsorbed into cell
membrane by 100x with addition of 2—6% of PEG to transfection media [51]. Aggregation
potential is molecular weight dependent, 8000-10000 most effective, below-not absorbed,
above adsorbed into membrane and inhibit particle aggregation [51]. Lipofection rates
increased with the addition of PEG when cationic lipid:plasmid ratio was 1:2 vs 2:1;
increased concentration of PEG, however, led to increased toxicity from greater lipoplex
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uptake[51]. Addition of PEG also resulted in an increase in the lipoplex size following 2
hours of incubation.

PEG-PLA particles include a hydrophobic polylactide core for drugs and hydrophilic

PEG shell for solubility, stabilization, and better circulation. Smaller size (10-100nm) of
these particles allows for passive accumulation through leaky vasculature to the tumor

site through enhanced permeability and retention effect[52]. PEG-PLA particles have been
used in conjunction with photodynamic therapeutics, immune prep to stabilize immune
system to treat illness using vaccine adjuvants that modulate immune response or the
delivery system, proteins (cytokines and antibodies), nucleic acids (e.g., plasmid DNA,
antisense oligonucleotides, siRNA). Despite many advantages, adverse neuro side effects
were reported with some PEG-PLA nanoparticles; therefore, more safety studies are needed.

Liposomes with PEG of molecular weight of 2000 are considered gold standard for drug
delivery [53]. Stefanick et al. found in vitro liposome uptake was higher when using a
peptide-targeting liposome consisting of PEG350 with a shorter ethylene glycol peptide
linker compared to a liposome consisting of PEG2000 with a longer peptide linker. In
addition, the uptake plateaued around 2—-3% peptide density. Their findings revealed that
the linker length and peptide density, in addition to the PEG length of the liposome can
contribute to drug uptake [54]. However, these in vitro findings need verification using in
vivo models.

PEG is used in implanted hydrogels to improve their tunability, biocompatibility and non-
fouling surface as well as in engineered tissue matrices [20, 55, 56]. Macromolecular PEG
hydrogels inserted into the rodent body show signs of inflammation, cellular infiltration and
recruitment of macrophages. However, immune responses to such hydrogels vary depending
on composition and the type of PEG[20, 57]. For example, PEG-vinyl sulfone (PEG-VS)
formulation hydrogel shows less immune response compared to PEG-acrylate (PEG-Ac) and
PEG-maleimide (PEG-Mal) formulations [20]. Findings from semi-interpenetrating network
of PEG and PEG-diacrylate with human mesenchymal stem cells showed intracellular
deposition of proteoglycan and collagen around the plug[18, 58], suggesting cellular
interaction of embedded cells with artificial extracellular matrix. Interestingly, Day et

al., found instances of angiogenesis around inserted PEG-formulated plug-in tissue[20],
further suggesting biological response with respect to PEG beyond immune response. Day
et al., found increased blood vessels around implanted PEG hydrogel[20]. This finding
raised to important questions: 1) does PEG component or the entire formulation influence
angiogenesis? and 2) how do other host cells respond to PEG? For example, in one study
presence of cell lining and infiltration of M1 and M2 macrophages was observed with
PEG-Mal and PEG-Ac hydrogels. In contrast, PEG-VS showed little immune response with
thinner collagen deposition and cell lining[20].

More recently, PEGylated nanoparticles and formulated compounds are becoming more
common to circumvent issues of blood brain barrier permeability. In addition to treating
central nervous system at injury site, a single dose of PEG (30% wt/wt) by intravenous
injection is also able to mitigate the reduction of apparent diffusion coefficient associated
with cytotoxic edema in the brain following acceleration induced brain injury in rats.
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This suggests that PEGylation may allow passage of compounds normally unable to pass
through the blood brain barrier. Recent study with curcumin showed formulation with

PEG polylactide-co-glycolide (PLGA) was better at reducing reactive oxygen species and
apoptosis than curcumin itself following cerebral ischemia reperfusion in rats; a larger dose
of curcumin was needed to achieve a comparable efficacy as free curcumin showed poor
biodistribution to the brain [59].

1.6. PEGylated materials approved for clinical use

Many formulations approved for clinical use utilize PEG as either active ingredient or
excipient or a component of a delivery vehicle. Some examples are summarized in Table 1
and reviewed below. Only immune-mediated and immune-related side-effects that have been
either attributed to PEG or hypothesized to be related to PEG are mentioned; other toxicities
and limitations of these products are not discussed.

Traditional formulations — over the counter Miralax and prescription Moviprep — are
solutions of PEG3350 that are laxatives used for occasional relief of constipation and
colon evacuation in preparation for colonoscopy, respectively. Side effects, among others,
include vomiting, nausea, and headache. Hypersensitivity reactions to these formulations
were attributed to their active ingredient PEG-3350 [60-63].

Macugen (pegaptanib) is a PEGylated oligonucleotide, an aptamer that acts as selective
antagonist of the vascular endothelial growth factor (VEGF) [64]. This product is intended
for intravitreal administration in patients with macular degeneration. Allergic reactions were
reported in patients receiving this formulation [65].

Asclera (polidocanol) is intended for the treatment of varicose veins; it contains two
components dodecyl alcohol and PEG. Injection site reactions reported for this formulation
include thrombosis, hematoma, pruritis and warmth[66]. Severe anaphylaxis has also

been reported [66]. Another small molecular drug formulation Movantik (naloxegol) is a
PEGylated version of an opioid antagonist naloxone; it is provided in a tablet form, which
also contains PEG as an excipient in the tablet coating. Anaphylaxis and hypersensitivity
were reported among immunological side effects for this formulation [67].

Palinziq is a PEGylated phenylalanine metabolizing enzyme intended for the treatment of
phenylketonuria; anaphylaxis and other hypersensitivity reactions were reported for this
product[68]. Another biotechnology product, PEGylated interferon alfa-2a (Pegasys) is
approved for treating hepatitis C in the US, EU and China and used worldwide[69]. It is also
approved for hepatitis B in US, EU and China, and used for some T-cell lymphoma. This
product contains 40 kg/mol of branched PEG. Among others, side effects include trouble
breathing and irregular heartbeat[70]. PEGylated interferon alfa-2b (Pegintron) is used for
hepatitis C and melanoma. Side effects include headache, nausea, pain at injection site, and
fever, severe side effects include blood clots and irregular heartbeat. Approved for use in the
US in 2001, it activates JAK-STAT pathway by binding to interferon-alpha receptor 1 and 2,
followed by phosphorylation of Tyk2 protein. The product also activates IFNalpha response
to induce apoptosis[71].
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Doxil is a PEGylated liposome formulated to deliver anti-cancer drug doxorubicin, that

is approved for therapy of ovarian cancer, multiple myeloma, and AIDS-related Kaposi’s
sarcoma (https://www.rxlist.com/doxil-drug.htm#indications). One of the benefits of this
liposomal formulation in comparison to doxorubicin hydrochloride is the reduction in

the drug’s cardiotoxicity[72], that is attributed to the doxorubicin-mediated induction of
inflammatory cytokines in cardiomyocytes[73]. Among undesirable side effects is the
palmar plantar erythrodysesthesia, also known as hand and foot syndrome, that is an
immune-mediated inflammatory reaction in the skin due to the liposomal drug accumulation
by the skin-resident phagocytes, Langerhans cells[74].

Another PEGylated cancer nanomedicine, liposomal irinotecan or Onyvide, is approved for
cancer therapy and has several advantages over the traditional formulation of irinotecan such
as improved pharmacokinetics [75]. Clinical use of this formulation is associated with severe
neutropenia and neutropenic sepsis; it may cause severe hypersensitivity reactions, including
anaphylaxis [76].

Two lipid-based nanoparticles delivering mRNA encoding SARS-CoV/2 antigen and
authorized for the emergency use in the US and several other countries, Pfizer/BioNTec
and Moderna, contain PEG and methoxy-PEG, respectively [77]. Anaphylaxis, myocarditis
and multisystem inflammatory syndrome have been reported for these formulations;
hypersensitivity to PEG were suggested among several potential mechanisms underlying
these conditions [78-87].

PEG degradation and clearance

Despite a decrease in nanoparticles recognition by immune cells through PEGylation and

a related to it extension of the circulation time, eventually PEGylated products breakdown
and get removed by phagocytic cells. PEG is excreted through urine and feces mainly
unchanged; part of the administered PEG is metabolized to oligomers, glycolic acid,
hydroxyglycolic acids, diglycolic acids homologs, carbon dioxide and very few oxalic

acid [13]. Metabolic pathways of PEG have been extensively discussed elsewhere [88].
The percent of PEG eliminated by degradation to carbon dioxide was shown to decrease
with larger PEG size [89, 90]. Alcohol dehydrogenase was shown to initiate oxidation of
PEG-6[91]. PEG can be degraded by sonication and degradation products may be toxic,
where sonication for just 15 minutes may cause degradation of PEGylated particles[92].
Generally, biodegradation occurs through hydrolytic and proteolytic activities, as well as
metabolic pathways that involve oxidative modification or degradation of molecules[93].
Unlike some other biomaterials, PEG is prone to (per)oxidation that can degrade its polymer
chain[94-98], but not much is known about such degradation mechanism in biological
setting. Surface tethered PEG to the cell membrane of cultured neurons showed rapid
degradation after day 25 [96]. In vitro scaffolding consisting of polymers including PEG
and poly(e-caprolactone) was found to show greater rate of degradation in highly oxidative
environments [98].

Reactive oxygen species (ROS), including those produced by the activated immune cells,
contribute to biodegradability of synthetic biomaterial polymers. PEG was shown to degrade
in the presence of hydrogen peroxide, with the degradation depending on the hydrogen
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peroxide concentration; the lower the concentration, the slower the degradation[93]. PEG
may form hydroperoxides in oxygenated environment [99] and other byproducts such as
formate esters and formaldehyde, which may be further oxidized to carboxylates following
hepatic excretion [100]. Moreover, PEG formulated biomaterial induced exogenous and
intracellular ROS production and can trigger apoptotic pathways[97]. Based on the fact
that neutrophils produce more ROS than macrophages, Ulbricht et al., hypothesized that
neutrophils are primarily responsible for degradation of polymers[93].

Cytoplasmic vacuolation of cells in various tissues has been observed in many in vivo
studies utilizing repeated administration of PEG, PEG-containing and PEGylated drug
products [101]. In general, such vacuolation depended on PEG molecular weight (more
pronounced in low molecular weight PEG) and physical properties of the molecules (more
pronounced in liner PEG), was not associated with adverse effects and was reversible[101].
Interestingly, PEG’s molecular weight also influenced the type of cells in which vacuolation
was observed; specifically, larger PEGs, with molecular weight more than 30 kD, most
frequently resulted in vacuolation of cells in parenchymal organs, whereas low molecular
weight PEGs, 15-20 kD, did so in the renal tubular epithelium [102-104]. It is likely, that
such difference is explained by the route and rate of clearance with smaller PEGs staying in
the circulation for the shorter time and being more readily cleared by kidneys versus larger
PEGs circulating longer and, thus, allowing more time for being captured by the phagocytic
cells of parenchymal organs. Phagocytic cells, such as macrophages are commonly reported
for vacuolation and described in the literature as “foamy macrophages”, “histiocytic
macrophages” and “vacuolated macrophages”. Interestingly, some studies suggested inter-
species differences in this process[103, 105]. For example, in rats vacuolation is primarily
seen in the spleen whereas in dogs it is in the kidneys[105]. While it is unknown how such
vacuolation, when observed in preclinical animal studies, is predictive of vacuolation in
humans, it is worth mentioning because it suggests a potential inter-species variability in the
PEG clearance by phagocytes.

PEGylation of nanoparticles decreases opsonization in a manner dependent on PEG
molecular weight and density [106, 107]. However, PEGylation does not completely block
protein binding. For example, a study with colloidal gold nanoparticles demonstrated

that the quantity of plasma proteins bound to particle’s surface was less on PEGylated
gold nanoparticles than on their non-PEGylated counterparts; however, the composition

of the protein corona was essentially the same [106]. This explains why even PEGylated
nanomaterials eventually end up in the phagocytic cells. Accelerated blood clearance

of PEGylated proteins and liposomal formulations were attributed to the formation of
antibodies specific to PEG [108-110], and will be discussed in further details later in this
review.

1.8. Additional safety considerations and introduction to immunotoxicity

Acceptable World Health Organization (WHO) daily maximum PEG intake is 10 mg/kg.
Generally, the LD50 for PEG is very high. Oral ingestion LD50 in rodents is 2000 mg/kg,
though LD50 of PEG with fatty acids, soritan esters and PEG castor oils are between
1000-2000 mg/kg. Dermal uptake LD50 was around 10,000mg/kg, however, some systemic
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toxicity effects were reported related to PEG in burn victims given topical antimicrobial
ointment [13, 111].

While earlier studies have shown that PEG is safe, more recent studies have shown signs
of toxicity and activation of immune response in animal models and human subjects [39,
112]. For example, repeated i.v. injection of PEG-400 at high dose (8.45 g/kg) caused
reversible renal toxicity, while a lower dose (6.34 g/kg) resulted in dry mouth and dry
mucous membrane in animals [13, 113]. Gastrointestinal discomfort, histological damage,
oxidative stress, increased free radical levels in colonic mucosal tissues and neutrophils
infiltration of lamina propria have been observed in rats given PEG solution by oral gavage
[114]. These findings led the authors to suggest a more careful use of PEG and PEGylated
drugs and increasing the awareness of physicians about toxicities associated with the PEG
use.

Having a better understanding of the immunological effects of PEG and PEGylated
compounds is essential for several reasons. First, phagocytic cells of the immune system

are at the forefront of clearance of PEG and PEGylated materials; therefore, toxicity to these
cells may influence body’s general defense against infections and damaged or transformed
host’s cells. Second, generation of the specific immune response to PEG in the form of
antibodies contributes to hypersensitivity reactions (HSRs) to PEG and PEGylated products.
Such HSRs include true allergy (IgE mediated, type | hypersensitivity), anaphylactoid
reactions (complement-mediated immediate type hypersensitivity or complement-mediated
pseudoallergy, CARPA), type Il and type I11 hypersensitivity (IgM and 1gG-mediated)
reactions [115]. Third, neutralization and cross-reactivity of such antibodies may contribute
to HSRs and altered PK of other products containing PEG or other structures similar to
PEG.

The antibody-mediated immune reactions to PEGylated nanomedicines range from local
inflammation to accelerated clearance to more severe reactions such as CARPA [115].
However, it is important to note that the presence of anti-PEG IgM and IgG per se is not
predictive of the antibody-mediated toxicity. For example, a recent in vitro study revealed
that the presence of anti-PEG antibodies in donors’ blood did not correlate with complement
activation in response to PEGylated liposomes [112]. Therefore, the detection of such
antibodies is helpful to identify patients at the increased risk for anti-PEG antibody mediated
toxicities, and for the mechanistic understanding of toxicities when they occur.

2. Synthesis of PEGylated products

2.1 General information

The length of PEG chains is defined by the degree of polymerization during its synthesis.
Preparation via anionic polymerization relies on nucleophilic attack by an alkoxide on
ethylene oxide (EO) to open the ring and add a EO unit to the initiating alkoxide[116]. The
new alkoxide formed can continue the chain growth though the attack of an additional EO
as a living process until a Poisson distribution is reached. The degree of polymerization
determines the length and weight of the PEG chains, allowing for the preparation of varying
lengths of polymer Additionally, the use of functional initiators can provide access to
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additional conjugation strategies such as an azide-alkyne click[117]. The synthetic tunability
makes the resulting PEG derivatives ideal spacers for diverse biomedical applications [118].

Chemical synthesis of PEG is cost-effective and can be scaled up with a possibility for

the incorporation of a broad range of chemical modifications needed for attachment of

PEG molecules into various biomedical platforms. Additionally, several functional PEG
derivatives are commercially available, expanding the options for labs with synthetic
limitations or concerns around use of ethylene oxide. The flexibility of PEG chains allows
for conjugation to various macromolecules without causing their denaturation [119-121] and
thus, maintaining the intended biological reactivity and function [122-124]. The terminal
hydroxyl groups of PEG is the basis for many different synthetic routes for attachment of
PEG to the macromolecules or to surfaces [125]. Branched PEG derivatives are structured

to have multi-armed PEG chains attached to a surface whereas linear PEG provides a single
chain. Table 2 depicts structural differences between common linear and branched PEG
molecules. Different functionalization of PEGs are chosen for their chemical reactivity, the
handle through which they attach to reactive features of a macromolecule, or chosen by their
added features that are used to exhibit specific characteristics.

While linear PEG is known to better maintain the functionality of the bound macromolecule,
the branched PEG becomes more efficient at stealth coating macromolecules and making
them less vulnerable to opsonization, filtration, and other mechanisms of in vivo removal
[125-131]. As schematically illustrated in Figure 1A, macromolecules decorated with
branched PEG demonstrate lower clearance rates from blood circulation and when linear
and branched PEG coated carbon nanotubes were injected in mice, the nanotubes with
branched PEGylation exhibited significantly longer retention [132, 133]. Since the branched
PEG is also larger in size when compared to their linear analogs it lowers the rates of

kidney filtration and renal clearance while also providing a better protection for PEG-coated
surfaces from reticuloendothelial action [134]. It has been shown that PEGs (up to molecular
weight 20 kDa) is primarily excreted through the renal system, whereas higher molecular
weight PEG chains are eliminated by fecal excretion [135].

2.2 PEGylated protein therapeutics

With the increasing interest in protein drug carriers, methods to prevent elimination of these
structures from the body has also accrued interest [136]. PEGylation of proteins involves
the covalent attachment between PEG and protein. PEG is commonly conjugated to proteins
through the formation of an amide bond with lysine, although this strategy often results

in the formation of heterogenous bioconjugates due to the possibility of reaction with
numerous surface lysine groups [137]; in most cases PEG is linked to epsilon-amino groups
of lysines [138]. A library of amine selective PEG functionalization strategies are known

to selectively bind on engineered proteins where the location and number of PEG groups
can be controlled [139]. The presence of PEG on the protein surface shields the latter from
interaction with antibodies or other proteins involved with clearance of foreign proteins
[140] and molecular simulations of PEGylated proteins (e.g., bovine serum albumin) show
correlation between the molecular weight of used PEG and the shelf life of proteins [141].
Site specific PEGylation of proteins provides a vast control over molecular interactions
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occurring in vivo, in mice and rats models [139]. Additionally, site specific PEGylation
minimizes the loss of function that is associated with the non-specific bioconjugation as is
the case when the modification is made on a site responsible for interaction[142].

2.3 PEGylated drug delivery carriers

PEG chemistry is ideal for functionalization of inorganic nanomaterials as well. In
preparation of PEGylated magnetic nanoparticles, oleic acid coated onto iron NP followed
by addition of PEG to solution which assembles at room temperature [143]. Without
chemical modification, PEG may also bind via hydrogen bonding by the polymer chain

to surfaces such as silanol groups on silica[144, 145]. Oxidized graphene produced by
Hummer’s method produces graphene nanoplatelets that readily bind to amphipathic PEG
and chemotherapy drugs [146].

Encapsulation of insoluble drugs within liposomes has enabled the successful systemic
delivery of various therapeutics despite their incompatibility with water [147-151].
Liposomes are nanosized particles that comprise of a lipid bilayer with hydrophilic outer
surface to allow for solubility in water. An insoluble therapeutic cargo is loaded inside
liposomes in order to be delivered to a specific site in the body. However, liposomes

are quickly cleared from the body circulation through several different mechanisms.
PEGylated liposomes have been highly successful in increasing the retention time of
formulations within the body when compared to non-PEGylated analogs. This stealth
coating considerably slows the in vivo clearance of the drug-loaded liposomes [152-158].
Lipids used for drug carrying liposomes are selected based on their ability to load the
highest amount of drug while maintaining stability and retention time in circulation. Soy
lecithin liposomes are a common choice for drug delivery systems for their high dispersion
stability, good compatibility with insoluble payloads, and cost-effective production.
However, they are more rapidly removed from circulation compared to liposomes of other
lipid sources. PEG-cholesterol conjugates can be synthesized by a two-step reaction and
used to PEGylate soy lecithin liposomes. This addition can greatly reduce the rate of
elimination of lipid nanoparticles from the body [149].

3. Biodistribution of PEGylated products

Biodistribution of PEGylated materials was extensively studied with metallic nanoparticles.
Herein, we will review some of literature examples. PEGylated gold nanoparticles (GNPSs)
following i.v. injection in rats were detectable in blood 48 hours after the injection; in
contrast, unPEGylated, cetyl trimethyl ammonium bromide-GNP were quickly cleared
and not detectable in blood after 15 minutes[159]. After the i.v. injection in rats, GNPs
functionalized with greater molecular weight PEG stayed in circulation longer compared
to their counterparts conjugated to the lower MW PEG [160]. In addition to prolonging
circulation, PEGylation of GNPs also altered the time course but not the biodistribution
when compared to untreated GNPs. Biodistribution panels revealed the i.v. injected GNPs
with and without PEGylation accumulated mainly in spleen and liver in rats after 1 hour
to 6 days [159-161]. Greater molecular weight PEG coating on GNPs also contributed

to circulation and biodistribution differences; the majority of GNPs without PEGylation
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were found in liver and spleen, GNPs with PEG-coating of 750 Da showed significantly
less GNPs, and GNPs with PEG-coating of 10 kDa showed even less gold in liver

and spleen[160]. PEGylation of other nanoparticles showed similar biodistribution and
circulation properties. PEGylated nanoparticles formulated to deliver methotrexate showed
reduced cellular uptake in vitro and greater concentration in blood compared to free
methotrexate when PEG molecular weight was 5000 vs. PEG 750 and PEG 2000. In
addition, nanoparticles with greater surface density of mPEG were found in circulation and
were not taken up by J774A macrophages in vitro, whereas lower surface density PEGylated
nanoparticles were found in liver and spleen at 24 and 48h after i.v. injection [26]. In dogs,
the analysis of PEG accumulation in organs by H-NMR revealed that amount of PEG in the
renal cortex was 20 times higher than in the renal medulla and 120 times higher than in the
spleen. This study also revealed a correlation between renal cortical cytoplasmic vacuoles
and an increase in renal cortical PEG concentration, which was especially evident after
repeated dosing. In the systemic circulation, assessed by measuring PEG concentration in
plasma, PEG was detected on day 8; it was also found in urine on day 11, and peaked in
renal tissues on day 15 [101, 105].

Immune Responses to PEG

Immunogenicity

One of the most remarkable phenomenon in the current knowledge of PEG immunogenicity
is the generation of anti-PEG antibodies - IgM, 1gG, IgE [61, 63, 108, 162-174]. Anti-PEG
antibodies reduce circulation half-life of PEGylated drug product by 2—-10-fold and increase
hepatic and spleen uptake by 2-5 and 1-2-fold, respectively[175]. Besides accelerating

the removal of PEGylated drugs and nanocarriers from blood, both in animal models and

in clinical studies involving patients and healthy individuals, various types of anti-PEG
antibodies were shown to contribute to the hypersensitivity reactions and premature drug
release from PEGylated carriers [108, 162-174]. Due to consequences of such interactions
for both the efficacy and safety of PEGylated drug products, a recent FDA guideline
recommends screening for both anti-protein and anti-PEG antibodies[176].

Most of our current understanding of anti-PEG antibodies come from animal studies of
PEGylated liposomes investigating the accelerated blood clearance (ABC) phenomenon.
Studies in rabbits, mice, rats, and non-human primates revealed that PEG-antibody-
dependent ABC phenomenon depends on many conditions and physicochemical properties
of both PEG and PEGylated nanomaterials. For example, the available data demonstrated
that cytotoxic drugs suppress [177, 178], whereas immunostimulatory payload, especially
that are known to activate Toll-Like Receptors (TLRS) (e.g. SIRNA, CpG DNA, endotoxin),
enhances the ABC phenomenon [179-181]. Furthermore, it is independent of T-cells

[177, 178], but requires functional antigen presenting cells [177, 182, 183]. Liposome
composition, size, zeta potential, density of PEG coating, time interval between repeated
administrations, dose and animal species further contribute to PEG-immunogenicity, and,
related to it, ABC phenomenon [177, 182, 184-195]. Some studies demonstrated that anti-
PEG antibody formed at low lipid dose (< 1umol/kg), but not at the high dose [177, 185,
188]. In contrast, other studies reported antibody response after the injection of high (5-7,
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10 and 25 pmol /kg) [183, 184, 190]. The most robust ABC was observed when the interval
between the first and the subsequent doses was short (~1 week) [184, 196]. Longer (>

1 week) interval between the injections resulted either less pronounced clearance or did

not influence it at all [190, 197]. Several studies demonstrated that role of particle size in

the induction of anti-PEG antibody response. For example, administration of PEGylated
liposomes (large particles) after PEGylated micelles (small particles) resulted in accelerated
clearance of PEGylated liposomes [186]. Another study demonstrated the formation of
anti-PEG antibodies in response to PEGylated liposomes with subsequent antibody mediated
clearance of both PEGylated liposome and PEGylated micelles; interestingly, PEGylated
micelles induced a low titer of anti-PEG antibody but the antibody did not influence

the clearance of either PEG-liposomes or PEG-micelles [184]. The authors of this study
suggested that anti-PEG antibody triggered by the administration of micelles are not capable
of recognizing PEG on micelles, but they bind to the more defined epitope exposed on the
larger surface of PEGylated liposomes [184]. Difference in methodologies between these
studies may further explain the discrepancy in the observed results. Surface charge is another
parameter that may contribute to the induction of the anti-PEG antibodies. For example,

one study reported no difference in particle clearance when cationic, anionic and neutral
liposomes were used in the initial dosing; the repeated administration of PEGylated, neutral
liposomes, however, resulted in accelerated clearance [185]. Polymer terminal groups (e.g.,
thiol-, methoxy-, t-butoxy) are known to have different immunogenicity; for example,
butoxy-PEG is more immunogenic than methoxy-PEG, which, in turn, is more immunogenic
than hydroxy-PEG [198, 199]. It is therefore, expected that using PEG with different
terminal groups may contribute to the differences in the anti-PEG antibody response

to nanoparticles containing these polymers. Experience with PEGylated biotechnology
products revealed that both PEG type and linkers used to attach PEG to a protein, or a
nanoparticle surface contribute to PEG immunogenicity [199, 200]. While molecular weight
of PEG did not influence clearance of PEGylated liposomes, an increase in the concentration
of PEGylated lipid with accompanying increased density of the PEGylation attenuated
accelerated clearance [188].

The number of studies reporting the presence of so-called natural or preexisting anti-PEG
antibodies continues to increase [201-205]. Some studies demonstrated that these antibodies
neutralize PEGylated therapeutic proteins [203, 204]. Others linked anti-PEG IgG and IgM
to complement activation and anaphylactoid reactions along with the premature drug release
and changes in drug’s efficacy [112, 163, 206-209]. Anti-PEG IgE were linked to the true
allergy and anaphylaxis in response to PEG-based or PEGylated products [61, 63]. However,
the titer of anti-PEG 1gG and IgM does not directly correlate with complement activation

by PEGylated liposomes [112]. While the clinical significance of anti-PEG antibodies is

not completely understood, several studies suggested that screening for these antibodies
may help to identify individuals who are at higher risk for developing anti-PEG antibody
mediated toxicities, and suggested the usefulness of such tests for providing a mechanistic
explanation of certain types of immunotoxicities such as anaphylaxis and anaphylactoid
reactions should such toxicities occur [112, 210, 211].

How a hydrophilic molecule like PEG can induce an antibody-response? What is the source
and the route of immunization that result in anti-PEG antibodies in the blood of healthy
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individuals? To answer these important questions, one has to look at the fundamental
mechanisms of the antigen recognition by the immune system.

Immunological mechanisms

Two types of antigens have been described in the literature; they are thymus-dependent and
thymus-independent, also known as TD (type 1) and TI (type 2), respectively (Figure 2).
T-dependent antigens are typically proteins, that after the uptake by the antigen-presenting
cells (particularly dendritic cells) are digested into peptides that are presented in the context
with major histocompatibility complex type 2 to the T helper lymphocytes. The T helpers
produce cytokines that improve antigen-presenting properties of APCs by upregulating the
expression of co-stimulatory molecules and MHC on their surface; they also communicate
in secondary lymphatic organs (spleen and lymph nodes) to follicular B cells, which, when
activated, expand and differentiate into plasma cells producing antibodies specific to the
peptide portions of the protein antigen. Over the course of the immune response to these
antigens, several processes occur that lead to the antibody isotype switch, affinity maturation
and formation of memory cells. As such, the antibodies to type 1 antigens are mature, highly
specific and provide long-living protection. In contrast, many non-protein antigens (lipids,
nucleic acids, polysaccharides, and other both natural and synthetic polymers) stimulate
antibody response in the absence of T helpers, hence is the name for these antigens —
thymus-independent. Type 2 antigens are not presented to T cells in the context of MHC.
Typical property of these antigens is the multivalency characterized by the presence of
repetitive structures which cross-link surface immunoglobulins on B cells leading to the

B cell activation. The subsets of B cells responding to type 2 antigens are also different

and include marginal zone B cells and B1 cells, which, following activation, differentiate
into short-lived plasma cells producing IgM. Typical location of this response is the spleen
(if the antigen is delivered systemically via blood), mucosal sites and peritoneal cavity (if
the antigen is delivered locally), where macrophages produce supporting cytokines leading
to, though less efficiently, the isotype switch towards non-lIgM antibodies (1gG, and IgA).
The isotype switch to type 2 antigens may be further directed by substances activating Toll-
Like Receptors (TLRs) which trigger supporting cytokine responses in both macrophages
and B lymphocytes. Natural or so-called pre-existing antibodies, which are detected in

the blood of individuals without apparent exposure to pathogens, are often low-affinity

and directed against phospholipids and carbohydrates. The available literature discussed

in the previous section suggest that free PEG behaves as type 2 antigen. PEG conjugated

to a protein carrier, such as recombinant therapeutic proteins and antibodies, behaves as

a hapten and stimulates T helper responses with subsequent isotype switch and affinity
maturation. The exposure of humans to PEG occurs during their first days of life via lotions,
soaps, toothpaste, food packaging and, later, over-the-counter laxatives. Such exposure

is responsible for the “hidden” immunization that explains the presence of PEG-specific
antibodies in the blood of healthy individuals. Depending on the quantity (“dose”) of the
PEG, the route of exposure and the surrounding microbiological environment that provides
TLR agonists, these natural antibodies could be low or high affinity, mature or immature.
Anti-PEG antibodies found in the blood of patients treated with PEGylated products further
contributes to “immunization” of human population and the formation of anti-PEG IgM,
IgG, IgE. It is currently unknown whether vaccination of millions of people around the
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globe with PEGylated lipid nanoparticles used in Pfizer/BioNtech and Moderna vaccines
against SARS-CoV?2 results in the induction of anti-PEG antibodies. While theoretical risk
of induction of such antibodies exists, studies are needed to confirm it. If vaccines induce
anti-PEG antibodies, it would be important to understand isotypes and allotypes of these
antibodies, and their effects on safety and efficacy of PEGylated drug products and products
containing PEG.

4.3. Clinical examples of HSR triggered by anti-PEG antibodies

Various types of hypersensitivity reactions (HSRs) including both immediate and delayed
responses have been described for PEGylated drug products. Herein, we review some
examples of such reports. The risk of HSRs to Doxil, known as Caelyx in Europe,

represents a major warning in the drug’s prescription label [112] and is, therefore, widely
recognized for special attention. However, there are many other PEGylated nanomedicines
that have more or less similar risk, including Oncaspar® [212, 213], Neulasta®[214],
Macugen® [65], Mircera® [215], Palynzig® [216], Omontys® [217], Krystexxa® [218]
and Revolixys® [219-222]. Some of these drugs have been withdrawn from the market, e.g.,
Omontys (https://www.drugs.com/history/omontys.html ), while commercial development of
Revolixys was abandoned after Phase 111 trials [223]. Importantly, anti-PEG antibodies were
implicated in the HSRs to Oncaspar® [203] and Revolixys® [218, 224-226].

4.4, Complement Activation

Addition of PEG to formulations produced many hypersensitive reactions that occurred with
PEGs of various molecular weight [39]. CARPA have been demonstrated with PEGylated
nanoparticles. These non-IgE-mediated type | HSR were very similar to those caused by

a variety of i.v. administered nanomedicines without PEGylation, including liposomal and
micellar drugs, radiocontrast agents, biologicals, enzyme therapies, iron compounds, even
small molecules [227-230]. The mild to severe allergy symptoms arose shortly after the first
treatment with PEGylated nanoparticles, although reactions starting later or after repeated
treatments were also observed. In most cases the problem spontaneously resolved, but
occasionally, the reaction could escalate into fatal anaphylaxis [231] .

The causal involvement of complement activation in these reactions has been demonstrated
in several in vivo studies using rats, mice and pigs [232—-242]. The evidence of causality
included several facts. First, anaphylatoxin effects to those caused by PEGylated liposomes,
namely, the essential identity of long-ago discovered hemodynamic and leukocyte
stimulating effects of C3a and C5a [243-248] were similar to those described with
PEGylated nanomedicines [232-237, 242, 249-254]. Second, the rise of C3a in mice and
rats, and that of sC5b-9 in pigs coincided with the HSR [235, 255, 256]. Third, the efficacy
of specific complement inhibitors in suppressing the liposome-induced hemodynamic
changes and qualitative similarity of hemodynamic effects of i.v. injected human C5a in
pigs to those observed in cardiac anaphylaxis in man have been reported [239, 257-260].

The role of anti-PEG antibody-triggered complement activation behind PEGylated
liposome-induced HSRs was specifically tested in pigs [255] using PEGylated doxorubicin
(Doxil)-mimicking empty liposomes called Doxebo. The study showed correlation of HSRs
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with anti-PEG IgM levels in pigs and paralleling rise of pulmonary hypertension and rise of
plasma sC5b-9, thus providing direct evidence for CARPA. The fact that the reaction was
due to complement activation triggered by anti-PEG IgM binding to the vesicles was shown
by the rapid clearance of anti-PEG IgM from blood proceeding with the same kinetics as
the rises of pulmonary arterial pressure and the plasma level of sC5b-9. Since IgM binding
to antigens is a very strong, if not the strongest signal for classical pathway complement
activation, the mechanism in this case was classical pathway activation. However, in the
absence of pathway-specific complement activation biomarkers for pigs, the contribution of
alternative pathway activation or feedback amplification of classical activation cannot be
ruled out. A remarkable unexpected finding of the above study was the predominant rise of
anti-PEG IgM within 2-3 days after i.v. immunization of the animals with Doxebo, peaking
at 6-9 days and slowly declining without class switch over 6-9 weeks. This suggests
T-independent type 2 immunogenicity, a potential mechanism of unexpected HSRs in people
without known allergy to PEG. transient rises of anti-PEG IgM antibodies in man.

Another notable observation was the immensity of cardiopulmonary distress within 2-3
min only in seroconverted animals, corresponding to life-threatening anaphylaxis [255].
Thus, the model may enable studying the mechanism of PEGylated nanomedicine-induced
anaphylaxis, in general, which came to the focus of interest recently, with the heightened
frequency of anaphylactic reactions to mRNA vaccines against COVID-19 that contain
PEGylated lipid components [261-265].

The clinical reality of potential, anti-PEG antibody mediated complement attack against
PEGylated liposomes obtained striking visual evidence in a recent study by Chen, et al., who
showed the formation of complement terminal complex (C5b-9) on the surface of PEGylated
liposomal doxorubicin (Doxisome), entailing membrane damage and leakage of doxorubicin
from the vesicles [206].

5. PEG alternatives and their immunological properties

The polymer-based nanoparticles have been intensely used as carriers for drugs and
therapeutic nucleic acids, for example mRNA. One key advantage of polymeric systems

is the possibility of modifying their chemical properties to adapt them to the active
substance. The binding of cationic polymers and nucleic acids leads to the formation of
polyplexes[266]. Different cationic polymers have been studied for RNA complexation,
including polyethyleneimine (PEI), polyacrylates, poly(b-amino esters) (PBAEs) and
poly(aspartamides) (PAsp). Interestingly, a lot of the polymeric nanoparticles also contained
polyethylene glycols (PEGs) with different size range from 2 to 40 kDa among others.

Due to the increasing concerns about PEG-related hypersensitivity and accelerated clearance
driven by PEG-specific antibodies, however, researchers started actively investigating other
polymers in a search of a better, PEG-free alternative for both the polymeric drug

delivery systems and for other nanomedicines that traditionally utilized PEG. Despite
finding comparable physicochemical properties and pharmacology profiles of nanoparticles
modified with PEG-alternatives, many of these studies ended up with disappointing results
demonstrating that these alternatives are also not immunologically inert (Table 3).
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Anaphylaxis due to the IgE specific to polyvinylpyrrolidone (PVP) have been
described[267]. PVP like many other synthetic non-proteinaceous polymers are known

as type Il antigens. Anaphylaxis to polysorbate[268] and immediate hypersensitivity

to PEG 3350 due to PEG-specific IgE that also cross-react with polysorbate 80 have

also been reported[61]. Skin sensitization and allergic contact dermatitis were reported

for polyglycerols and polydocanol excipients in topically applied cosmetic products
[269-271]. Poly(2-oxazoline) or POXx did not activate human complement in vitro[272];
however, poly(2-methyl-2-oxazoline) (PMOXA) was shown to activate classical pathway of
complement in human serum which was responsible for the opsonization and accelerated
uptake of PMOXA-coated nanoparticles by human phagocytes[273]. Another study reported
pseudoallergy and ABC of PMOXA-coated liposomes due to the formation of polymer-
specific IgM in rats[274]. POx and PVP resulted in prolongation of human plasma
coagulation in activated partial thromboplastic time (APTT) assay[272, 275, 276]; this
property is similar to that of commercial blood thinning agents such as heparin. In the case
of PVP, anticoagulant activity was attributed to the inhibition of coagulation factor VIlII
[275, 276].

Heparin is known for its ability to inhibit blood coagulation; this property results in
therapeutic use of this polysaccharide for preventing blood clotting. However, beneficial
anti-coagulant properties of heparin are often complicated with hemorrhage [277]. Heparin
was also shown to be immunogenic in some individuals [278]. Clinical data shows that
heparin and low molecular weight heparin can lead to the heparin-induced thrombocytopenia
(HIT). This side effect is attributed to the formation of antibodies recognizing heparin in
complex with a chemokine platelet factor (PF4), with subsequent irreversible aggregation
and depletion of blood platelets [279]. Delayed type hypersensitivity, anaphylaxis and
vascular thrombosis were reported in response to hyaluronic acid used in dermal filler
applications [280-282]. In two of these studies, common viral infections (influenza and
SARS-coV2) preceded the development of hypersensitivity to hyaluronic acid [280, 281].

Poly(carboxybetaine) investigated for providing hydration and anti-biofouling properties to
nanoparticles was found to be proinflammatory; interestingly, poly(carboxybetaine)-coated
nanoparticles were more pro-inflammatory and induced greater spectrum of cytokines than
their PEGylated counterparts[283]. Despite being proinflammatory, poly(carboxybetaine)
even after conjugation to a protein carrier was not immunogenic as estimated by the absence
or very low levels of polymer-specific IgM and 1gG [284].

Another polymer, poly(glutamic acid) or PGA, when compared to PEG as nanoparticle
coating, demonstrated promising pharmacokinetics profile and favorable immunostimulatory
properties [285]. However, several studies demonstrated that poly(glutamic acid) is
responsible for the late onset anaphylaxis due to the presence of polymer specific IgE in
individuals with allergies to fermented soybeans (natto) [286, 287]. Due to the use of PGA
in cosmetics, food and dietary supplements, the authors of one of these studies suggested
that patients with a known history of natto allergy should avoid PGA containing products
[286]. This study raises similar safety question for PGA-functionalized nanomaterials in
individuals allergic to fermented soybeans. Nanoparticles made of PGA possess intrinsic
adjuvant properties and act by promoting the maturation of dendritic cells [288]. While
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this property is beneficial for vaccine applications, it may complicate the use of PGA
nanoparticles as carriers for protein therapeutics and other agents prone to immunogenicity.

The information about immunological properties of other recently emerged PEG alternatives
- poly(N-acryloyl morpholine), poly(sialic) acid, PASylation (addition of Proline, Alanine,
Serine residues), poly(carboxybetaine) and XTENylation (addition of a peptide composed of
Alanine, Asparagine, Glycine, Proline, Serine, and Threonine)- is limited. Polysialylation of
therapeutic proteins led to the reduction of protein immunogenicity which was proportional
to the degree of polysialylation [289]. Since sialic acid is known as a marker of self and is
recognized by immunosuppressive and monocyte inhibitory glycan-binding receptors, sialic
acid-modified nanoparticles are expected to avoid clearance by phagocytic cells. Indeed,

a study by Kim et al., demonstrated lower uptake by phagocytes of sialic acid-modified

gold nanoparticles in comparison to their PEGylated counterparts [290]. Sialic acid, through
interaction with complement Factor H, was also shown to inhibit complement activation
[291]. However, presence of sialic acid residues on IgEs of people with peanut allergy

was responsible for triggering degranulation of mast cells; in contrast, IgEs of people
without peanut allergy were not sialylated [292]. Sialic acid was recently identified as an
antigen for a monoclonal antibody HIgM12 investigated for therapy of multiple sclerosis
[293]; therefore, immunogenicity of this PEG alternative cannot be excluded and requires
additional investigation.

Sensitization and development of contact dermatitis to acrylamide was reported in
laboratory worker daily preparing polyacrylamide gels [294]; the mechanism of acrylamide
sensitization and hypersensitivity reaction to polyacrylamide degradation byproducts remain
unclear. Likewise, skin sensitization by monomers of another PEG alternative poly(N-
acryloyl morpholine) has also been reported [295, 296]. In addition to establishing

safety profiles of acrylamide-based polymers and their chemical derivatives, these limited
data emphasize the importance of understanding the metabolism of these polymers and
considering it in the context of safety data.

PASylation provided extended circulation time for modified peptides and proteins [297].
However, one potential drawback of PASylated proteins is their tendency to aggregate

[298]. While a reduction in protein immunogenicity was reported after PASylation [297],
aggregation is known to contribute to immunogenicity and may, therefore, require additional
monitoring especially if long-term storage of PASylated products is needed. A similar
approach is XTENylantion. Like PEG, this peptide is hydrophilic and helps solubilize
hydrophobic substances. Similar to PASylation, XTENylated molecules can aggregate;
however, its tendency to aggregate is less pronounced [298]. This emphasizes the importance
of formulation for both PASylated and XTENylated products to prevent their aggregation
and avoid immunogenicity. It is currently unknown how these peptides would behave in

the context of nanoparticles containing immunogenic components such as some lipids,
polymers, proteins and peptides.

Obviously, more research is needed to understand immunological compatibility of
nanoparticles utilizing PEG alternatives.
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6. Methods for characterization of PEG-based carriers

There are several common experimental techniques available for routine physicochemical
characterization of PEGylated cargos and nanoparticles. These methods along with in vitro
and in vivo methods relevant to HSR evaluation of PEGylated products are reviewed further
below.

6.1 Fourier-transform infrared spectroscopy (FTIR)

FTIR is used to confirm the PEGylation of macromolecules by observing the bands of the
macromolecule and the bands of PEG. PEG bands shift after particle assembly indicating
hydrogen bonding to a surface [154, 299]. PEG-PLGA copolymerization can be confirmed
as bands for terminal hydroxy groups, CH, CH2, CH3, and CO are easily recognizable for
this copolymer [300].

6.2 Matrix Assisted laser desorption ionization-time of flight mass spectrometry
(MALDITOF MS)

MALDI-TOF MS is used to determine the efficiency of drug loading reveal the
stoichiometry of PEG-cargo conjugates, such as, for example, PEG-HCPT and PEG-oligos
[301, 302]. Also, polydispersity of PEG conjugates can be determined from the analysis of
mass spectra [303, 304].

6.3 High-performance liquid chromatography (HPLC)

The HPLC is used for the analysis of supernatant from drug loading solutions to determine
the loading or encapsulation efficiency of a particular PEG-based drug delivery systems
[305, 306]. Drug loading to liposomes is assessed by their rupture with methanol followed
by quantification of the drugs concentration in solution [147]. For PEG-protein conjugation,
HPLC can also be used to determine which protein fragments have been successfully
PEGylated. After proteolysis of the PEGylated protein of interest, the solution is run through
a HPLC column. Stability of PEGylated structures can be assessed by testing supernatant
for the fragments of degraded structures. Sensitive structures are exposed to a range of pH,
proteolysis agents, or other destabilizing factors and the solution is tested for free molecules
from the original structure [307, 308].

6.4 Transmission electron microscopy (TEM)

TEM aids to determine the morphology of PEGylated nanoparticle-based drug delivery
systems. However, due to the requirements of sample preparation, the particles are
dehydrated and the resulting analysis depicts structures of PEG in a collapsed state as
shown in Figure 1D. This method is reliable to determine the success of PEGylation but
primarily reveals more about the size distribution or morphology of the macromolecule
core of nanoparticles [309]. Structural characterization of the solvated state of PEG
functionalization is not possible here.
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6.5 Dynamic Light Scattering (DLS)

DLS provides information about a pegylated nanoparticle in its solvated form. The Use of
DLS as a compliment to other electron microscopy techniques provides useful information
regarding the solution stability and hydrodynamic diameter of a nanomaterial.[310] Drift

in the median size over time may be an indication of sedimentation of the material or the
formation of agglomerates. Either result may indicate the need to address the degree of PEG
incorporation to a material.

6.6 Cryogenic electron microscopy (CryoEM)

Cryo-EM is a method that requires vitrification of samples and therefore maintains in-
solution structure [311]. With the recent advancements with detector sensitivity during the
resolution revolution, structure may be determined to the molecular and atomic scale [312].
With the ability to resolve ultrastructure of drug delivery systems, insight can be had to

the pharmacological mechanism of action or the effect of functionalization on structure

the of macromolecules. CryoEM has been used to characterize liposomes PEGylated with
PEG-cholesterol structures. This process entails imaging of many lipid nanoparticles and
image analysis to determine nanoparticle structure with advantage over DLS [311].

6.7. Nuclear Magnetic Resonance (NMR)

NMR is able to characterize PEGylated nanoparticle systems and reveal structural
information at a molecular level of PEG polymers and certain macromolecules. 1H-NMR
can easily determine common PEG copolymers such as PEG-PLGA as well as quantify
amounts of the individual components within the polymers[300]. With both tH-NMR and
13C-NMR, it is critical to understand how the environment of the PEG carbons or hydrogens
change as the solvent, the temperature, and the state (solid or liquid) the groups are in. These
variables can affect the resolution of peaks and chemical shifts [309].

6.8. Role of in vitro and in vivo models

Due to both quantitative and qualitative differences in the immune system, animals may

not accurately mimic human responses. Differences in nanoparticle immune response from
animal models has been broadly reviewed elsewhere [313, 314]. Nanoparticle clearance have
been documented to occur through Kupffer cells in humans, non-human primates, dogs,

rats and mice, whereas the pulmonary intravascular macrophages are involved nanoparticle
clearance in sheep, calves, cats, goats and pigs [313]. Moreover, mice and pigs commonly
used in basic research are not formally recognized as preclinical models, whereas the use

of dogs and non-human primates, recognized for preclinical studies, raise many ethical
concerns. Nevertheless, some models have been found very predictive and reproducible
when it comes to the certain types of immunotoxicities; for example, the pig model for the
detection of complement activation and anaphylactoid reactions to PEGylated drug products
discussed below [314].

6.9. In vivo hemodynamic changes in pig model

Pigs’ response to reactogenic medicines including certain nanoparticle formulations is
similar to that of humans; therefore, pigs are used as a model to screen novel formulations
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for the potential to cause infusion reactions. In this model, animals are pre-anesthetized
intramuscularly with Calypsol and Xilazine. The anesthesia is maintained using isoflurane
inhalation throughout the procedure during which test materials and controls are injected as
a bolus or infusion. Following the injection, the cardiovascular parameters are continuously
recorded. Animals’ blood is collected and used for ex vivo analysis of complement split
products, cytokines, thromboxane and other pro-inflammatory mediators along with blood
cell counts. Respiratory and skin reactions are also documented [315, 316].

Ex vivo detection of anti-PEG antibodies

Blood is collected from human donor volunteers or patients as well as from animals used

as research models (e.g., mice, rats, dogs, pigs) into vacutainers containing anticoagulants to
obtain plasma. Not anticoagulated blood is used to obtain serum. Plasma or sera specimens
are stored frozen and analyzed by enzyme-linked immunosorbent assay (ELISA) for the
presence of anti-PEG antibodies. In this assay, PEG is coated on 96-well plates, which

after blocking are incubated with plasma or serum samples. When anti-PEG antibodies are
present in the tested specimen, they are subsequently detected using secondary antibodies
conjugated to the horse radish peroxidase enzyme and visualized using a TMB substrate.
The intensity of the color produced during this reaction is proportional to the level of anti-
PEG antibodies. The secondary antibodies are selected to allow identification of antibodies
from different species and isotypes[164, 317]. Interestingly, Roffler et al., found that BSA
and Tween 20 detergent commonly used in wash and blocking buffers for ELISA assays
interfere with detection of anti-PEG antibodies and suggested that non-fat milk and CHAPS
are more optimal for anti-PEG ELISAs[164]

Recently, a flow cytometry based method was developed for anti-PEG antibody
quantification in plasma[166]. In this assay, TentaGel™ M OH beads are incubated with
plasma; next the beads are incubated with secondary antibodies conjugated to a fluorescent
dye, and the mean fluorescent intensity is recorded using flow cytometer after gating

the beads in forward and side scatter plot. The brightness of the fluorescent signal is
proportional to the level of anti-PEG antibodies[166].

In vitro analysis of complement activation

Several experimental approaches are available to understand the activation of the
complement system. One such method — CH50 — relies on assessing the lysis of antibody
sensitized sheep erythrocytes [318]. Since some nanomaterials can cause hemolysis, and
sheep erythrocytes are not always available, the CH50 method is frequently replaced

with ELISA detecting the presence of complement split products (C3a, iC3b,C4a, C5a)

or terminal complex (sC5b-9) in plasma or sera[319]. Another alternative to CH50 is a
liposome immunoassay (LIA) in which liposomes are used to mimic erythrocytes. Both
ELISA and LIA compare well with CH50 assay [320]. When plasma is used for the
complement studies, it is important to recognize that different commercial anti-coagulants
may influence the assay performance [321]. While hirudin is often cited as the best
anticoagulant for complement assays, it is not available in the US. Therefore, serum, citrate-
and EDTA-anticoagulated plasma are also used. Complement studies utilizing citrate and
EDTA anticoagulated plasma must include veronal buffer to supplement study samples with
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divalent ions such as calcium and magnesium that are needed for the complement activation
[321].

7. Conclusions and Future directions

Rephrasing a piece from the famous play Hamlet by William Shakespeare brings us to the
central theme of this review - “to PEGylate, or not to PEGylate, that is the question”. Before
dropping PEG from formulations, it is important to consider several facts.

First, both purified (recombinant) anti-PEG antibodies and plasmas from individuals with
high titers of anti-PEG IgG and IgM cross-react with other polymers containing C-C-O
groups, such as polypropylene glycol (PPG), polytetramethylene ether glycol (PTMEG),
poly-1,4-butylene adipate (PBA), and polyethylenimine (PEI) [172]. Therefore, using these
polymers as PEG alternatives will most likely be associated with the same spectrum of
biological responses, including but not limited to immunotoxicity and clearance, as those
to PEGylated compounds. This is especially important to consider as the number of
individuals with anti-PEG antibodies is expected to grow in the future due to the ongoing
mass vaccination with PEGylated LNP-mRNA vaccines against SARS-CoV-2. As such,
studies investigating both the incidence and the type of anti-PEG antibodies in general
population along with cross-reactivity of these antibodies to other polymers used in medical
applications and consumer products are urgently needed.

Second, many polymers were qualified as type 2 antigens and shown to induce polymer-
specific antibodies. Some examples include polyvinylpyrrolidone and poly(2-methyl-2-
oxazoline) [267, 322-325]. Depending on the isotype and posttranslational modifications,
these antibodies contribute to various types of hypersensitivity reactions and particle
clearance. Therefore, fundamental understanding of immunocompatibility of these polymers
alone and in the context of pharmaceutical products needs to be considered on a case-by-
case basis.

Third, immunological status of the host, the presence of adjuvants such as TLR agonists,
the type of API delivered by a nanoformulation play a critical role in the process of
immunogenicity of both the API and the nanoparticle carrier or its components [326—
331]. Therefore, it is important to investigate immunogenicity of each polymeric PEG
alternative both alone and in the context of the product (e.g., protein, nanoparticle
carrier, nanotechnology-based formulation of an API), dose, dose regimen and route of
administration. Studying the immunogenicity of polymer alone is insufficient and may
generate misleading results.

Forth, allergic sensitization by monomer components of PEG alternatives has been described
[296]. Therefore, it is important to understand metabolism of PEG alternatives and consider
it in the context of product safety.

Finally, blood of individuals with certain types of food allergies (e.g., that to natto) contains
IgE specific to certain PEG alternatives, such as poly(glutamic acid); these antibodies are
responsible for the late onset anaphylaxis to foods and cosmetic products containing such
polymers[286, 287]. This pre-existing immune response would create a safety concern for
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nanomedicines and other drug products containing these polymers. Therefore, it is important
to understand the presence of PEG alternatives in common daily life products, estimate
pre-existing immune response to these compounds and identify population with higher risk
of developing immune-mediated side effects to these PEG alternatives.

In summary, there is no ideal PEG alternative. Common immune-mediated reactions
include immunogenicity, allergy, and hypersensitivity reactions. To overcome current
translational and clinical hurdles arising from PEG’s immunogenicity, it is imperative to
conduct thorough studies that would improve fundamental knowledge about immunological
properties of PEG alternatives. Since each nanoparticle formulation is unique and various
formulation components contribute to immunological properties of the final product, the
analysis of polymers must include both polymers alone and in the context of the whole
product. Establishing a publicly available database summarizing research findings regarding
the immunological and physicochemical properties of PEG and PEG alternatives in the
context with various excipients, nanoparticle carriers, APIs, route of administration, dose
and dose regimen would aid formulation scientists in selecting optimal polymers for their
formulations. Such database would also boost bioinformatics field by allowing artificial
intelligence researchers to create algorithms for matching formulation components to APIs
and indications, and for creating formulations with optimal properties.

Currently available allergen panels used by clinical service lab such as LabCorp are broad
but do not include polymers[332]. Establishing a panel of polymers containing both PEG
and its alternatives for use in the clinically available skin prick test would boost the ability
of physicians to identify patients predisposed to allergic reactions to medicinal products
containing these polymers. This would also allow safer administration of both PEGylated
and PEG-alternatives containing products and better management of adverse reactions
should they occur.

Improving the education and knowledge sharing between physicians, nanotechnology
researchers, immunologists, formulation, and regulatory scientists, and consolidating efforts
is needed to advance the field.
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Figure 1. Properties of poly(ethylene glycol) (PEG).
(A) PEG stealth coating reduces interaction with opsonic molecules but may affect

the intended biological activities of coated macromolecules. (B) Morphology difference
between dehydration and vitrification preparation methods for electron microscopy. (C)
Schematic illustrations of some representative characterization data verifying the successful
PEGylation of macromolecules.
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Figure 2. Types of antigens and their main characteristics.
This infographics depicts the main properties and differences between the two types of

antigens - thymus (T)-dependent and T-independent. Thymus is the organ of the immune
system responsible for the maturation of T-cells. Antigens vary in their properties. Proteins
are taken up and digested into short peptide by the antigen presenting cells (APCs) such

as dendritic cells (DC); next these antigens are presented on major histocompatibility
complex (MHC) to T-cells. Presentation via MHC class I results in the generation of the
antigen-specific cytotoxic (CD8+) T-cells; that via MHC class Il results in antigen-specific
helper (CD4+) T -cells. These helper cells via cytokine secretion support antigen-specific
clones of cytotoxic T-cells and follicular B-cells to expand, and B-cells to also differentiate
into the antibody producing plasma cells. If the exposure to the antigen persists, T-dependent
antibody response involves isotype switch and affinity maturation that leads to the formation
of mature types of immunoglobulins 19G, IgA, 1gD, IgE with high affinity and specificity
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to the antigen, as well as to the formation of memory cells. Some antigens, however, due

to their chemical structures do not involve digestion and presentation in the context of the
MHC to T-cells. Instead, these antigens directly activate B-cells via a cross-linking of the
B-cell receptor. The result of this activation is the generation of immature antibody response
in the form of IgM and lack of the immunological memory. Occasionally, in the presence

of TLR agonists, isotype switch occurs and leads to the generation of some IgG, IgA and
IgE. The subsets of B-cells and cells providing cytokine support to T-independent antigens
are different. * - polymers include both naturally occurring non-proteinatious and synthetic
polymers such as polysaccharides, polyethylene glycol, polivynilpirrolidone. Polymers
linked to a protein carrier behave as hapten; in this case, the proteins are phagocytosed

by B-cells, next activated B-cells produce cytokines that activate T-cells; both cell-types
become activated and produce specific (antibody) response to the protein antigen and hapten
(e.g., polymer coating of the protein).
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The table summarizes some examples of products in various areas including over the counter (OTC)
medications, vaccines, macromolecular drugs (therapeutic recombinant proteins, nucleic acids, amino acids),
and nanomedicines. Information about these products is reproduced from individual product package

inserts found at https://www.accessdata.fda.gov/. mPEG = methoxyPEG; COVID-19 = coronavirus induced
disease-19; SARS = severe acute respiratory syndrome; * - only immunotoxicities to which PEG may
contribute are listed in the table; mechanisms are not always understood; anti-PEG antibodies and related
hypersensitivity reactions were either confirmed for some of these products or suspected; non-PEG related
immunotoxicities are not included; N = PEG is the active pharmaceutical ingredient (API); RP = recombinant
protein API; SM= small molecule API; NP = nanoparticles; MW = molecular weight; AA = amino acid; s.c.
= subcutaneous; i.m. = intramuscular. Some drugs contain multiple units of PEG and are indicated by the
number of units x PEG type, for example 9xPEG-20000 refers to units of PEG-20000.

reconstitution before s.c.
injection

Product Indication PEGylated How supplied Type of PEG- Immunotoxicity*
entity MW
Moviprep Laxative; preparation for N Powder for solution PEG-3350 Hypersensitivity
colonoscopy
Miralax OTC laxative N Powder for solution PEG-3350 Hypersensitivity
Movantik Opioid-induced SM Film-coated tablets PEG-339 Hypersensitivity
constipation
Asclera Varicose veins SM 0.5-1% solution PEG-600 Anaphylaxis
Macugen Macular degeneration Aptamer Solution for intravitreal 2 x mPEG-20000 | Hypersensitivity
injection
Palynziq Phenylketonuria RP Solution for subcutaneous ~9x Hypersensitivity;
injection mPEG-20000 anaphylaxis;
complement
consumption;
immunogenicity
Fulphila Chemotherapy-associated RP Solution for injection PEG-20000 Anaphylaxis
infections
Revcovi ADA-SCID RP Solution for i.m. injection PEG-80000 Immunogenicity
Esperoct Hemophilia A RP Lyophilized powder for PEG-40000 Anaphylaxis and
reconstitution before anaphylactoid reactions
injection
Ziextenzo Chemotherapy- RP Solution for injection PEG-20000 Hypersensitivity
associated infections
Pegintron Hepatitis C, RP Lyophilized powder for PEG-40000 Hypersensitivity
melanoma reconstitution before
injection
Pegasys Hepatitis B and C RP Solution for s.c. injection PEG-12000 Hypersensitivity
Krystexxa Gout RP Concentrated solution for 40 x PEG-10000 Infusion reactions;
infusion following a anaphylaxis
dilution
Jivi Hemophilia A RP Lyophilized powder for 2 x PEG-30000 Hypersensitivity;
reconstitution before immune response to
injection PEG in children under
the age of 6
Cimzia Rheumatoid arthritis RP Lyophilized powder for PEG-40000 Anaphylaxis
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Product Indication PEGylated How supplied Type of PEG- Immunotoxicity™
entity MwW

Doxil Cancer NP Liposomal doxorubicin for mPEG-2000 Hypersensitivity
infusion

Onivyde Cancer NP Liposomal Irinotecan for mPEG-2000 Hypersensitivity
injfusion

COVID-19 mRNA | Prevention of NP PEGylated lipid PEG-2000 Hypersensitivity;

vaccine Pfizer COVID-19 nanoparticles for i.m. Anaphylaxis
injection to deliver mMRNA
encoding SARS-CoV2
antigen (S protein)

COVID-19 mRNA | Prevention of NP PEGylated lipid mPEG-2000 Hypersensitivity;

vaccine Moderna COVID-19 nanoparticles for i.m. Anaphylaxis

injection to deliver mMRNA
encoding SARS-CoV2
antigen (S protein)
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Some representative structural differences between common linear and branched PEG molecules.
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General structure of polyethylene glycol
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N-hydroxysuccinimide functionalized PEGs can be amine selective binding
Dec\o)k to specific regions of a protein. These PEGs can be used to conjugate to

é{ lysine residues of a protein[139].
o %

-
PEG’ a
a
PEG. |
" N a
o
UJ\NNCWDJ‘\Q/"
i
i
o (™ a
Y
]
o
PEG.
NH o
O o
)J\ /\)l\ ol
el N (=]
H
NH o

MO, | PEG-p-nitrophenyl carbonate bonds to amino groups of a protein. This is
less reactive than hydroxysuccinimide and forms the same a carbamate

3 linkage [333].
PEG
“\F.)L
J

O PEG aldehyde is used for conjugation to N-terminal a-amino groups of
peptides and proteins [333].

PEG H

pE G S PEG-o- pyridylsulfide is used to selectively bind to thiols [333].
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PEG-chol readily binds to liposomes [147].

PEG hydrogen bonding with silane groups is used to adhere PEG to silica
NPs
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Examples of PEG alternatives and their immunological properties.

Common immunological responses to PEG alternatives include allergy, hypersensitivity reactions and
immunogenicity. The information in the table is based on references [61, 267-276, 278-283, 286—288,
294-298]. HSR = hypersensitivity reaction; CARPA = complement activation related pseudoallergy; APTT =
activated partial thromboplastin time; HIT = heparin-induced thrombocytopenia; PF4 = platelet factor 4; DC =

dendritic cells;

Polymer

Type of response

Mechanism

Poly(vinylpyrrolidone)

Anaphylaxis; inhibition of blood
coagulation

IgE-mediated activation and degranulation of mast
cells’ Prolongation of APTT; inhibition of coagulation
factor VIII;

sensitization

Poly(sorbate) HSR; anaphylactoid reactions (CARPA); Complement activation; IgE-mediated mast cell
true anaphylaxis degranulation; basophil activation

Poly(glycerol) Allergic contact dermatitis unknown

Poly(docanol) Allergic contact dermatitis, skin unknown

Poly(oxazoline)

Inhibition of blood coagulation

Prolongation of APTT

Poly(2-methyl-2-oxazoline)
(PMOXA)

Pseudoallergy; increased uptake by
phagocytes

Complement activation; opsonization; induction of
polymer-specific IgM

Monomers inhibit complement and
phagocytosis
Monomers enhance allergy

Poly(acrylamide) Contact dermatitis to monomer components | unknown
Poly(N-acryloyl morpholine) Skin sensitization by monomers unknown
Poly(sialic) acid Immunogenicity Unknown

Binding to complement factor H
Mast cell degranulation

Pro, Ala and Ser (PAS) polypeptide

Potential immunogenicity

Tendency to aggregate

Poly(glutamic acid)

Late onset anaphylaxis Adjuvanticity

Polymer specific IgE DC maturation

Poly-(carboxybetaine)

Inflammation

Cytokine induction

Ala, Asp, Gly, Pro, Ser, and Thr
polypeptide (XTEN)

Potential immunogenicity

Tendency to aggregate (though at a less degree than
PAS)

Heparin

Inhibition of blood coagulation;
immunogenicity; HIT; delayed anaphylaxis

Prolongation of APTT; inhibition of coagulation
factors; type Il antigen; formation of complex with the
chemokine PF4 resulting in an irreversible aggregation
and depletion of blood platelets

Hyaluronic acid

Delayed type hypersensitivity, anaphylaxis
and vascular thrombosis

Unknown; in some cases development of these
reactions were preceded by viral infections

Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 January 01.




	Abstract
	Graphical Abstract
	Introduction
	Chemical structure and varieties of PEG
	Hydrophilic and stealth properties of PEG
	Protective properties of PEG
	PEG in consumer product, pharmaceutical and biological applications
	PEG in nanomedicine
	PEGylated materials approved for clinical use
	PEG degradation and clearance
	Additional safety considerations and introduction to immunotoxicity

	Synthesis of PEGylated products
	General information
	PEGylated protein therapeutics
	PEGylated drug delivery carriers

	Biodistribution of PEGylated products
	Immune Responses to PEG
	Immunogenicity
	Immunological mechanisms
	Clinical examples of HSR triggered by anti-PEG antibodies
	Complement Activation

	PEG alternatives and their immunological properties
	Methods for characterization of PEG-based carriers
	Fourier-transform infrared spectroscopy (FTIR)
	Matrix Assisted laser desorption ionization-time of flight mass spectrometry (MALDITOF MS)
	High-performance liquid chromatography (HPLC)
	Transmission electron microscopy (TEM)
	Dynamic Light Scattering (DLS)
	Cryogenic electron microscopy (CryoEM)
	Nuclear Magnetic Resonance (NMR)
	Role of in vitro and in vivo models
	In vivo hemodynamic changes in pig model
	Ex vivo detection of anti-PEG antibodies
	In vitro analysis of complement activation

	Conclusions and Future directions
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

