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Abstract

Nanomedicine is a field of research that has gained increasing importance over the last
decades. In particular, nanocarriers (NCs) are a promising approach for efficient and
targeted drug delivery. One major challenge is the sufficient blood circulation time of the
NCs. Once NCs enter the bloodstream, proteins accumulate on the surface, forming a so-
called protein corona, and determining the further course of the NCs. The current gold
standard for reducing unspecific protein adsorption and prolonging circulation time in the
body is the attachment of poly(ethylene glycol) (PEG). The polymer provides a stealth
effect so that the NC is recognized less by the immune system and can circulate for a longer
time. However, antibodies specifically directed against PEG were identified in recent years.
An increasing prevalence of these anti-PEG antibodies was described and their presence
correlated with reduced efficacy and, in some cases, severe allergic reactions to PEGylated
therapeutics. Nevertheless, the presence of anti-PEG antibodies in the protein corona and
their effect on the cellular uptake of PEGylated NCs have not been investigated yet.
Therefore, we studied the pre-existing anti-PEG antibodies in healthy individuals, their
accumulation in the protein corona of PEGylated NCs, and their impact on cellular uptake
behavior.

First, we examined the distribution of the antibodies in the German population and revealed
a high prevalence across all age groups. Afterwards, the binding behavior of anti-PEG
antibodies was investigated. The analysis revealed strong and specific binding to long-
chain PEG, with the binding strength decreasing with decreasing chain length.
Characterization of the protein corona of different NC systems showed a significant
accumulation of anti-PEG antibodies on the surface of PEGylated NCs compared to non-
PEGylated. Finally, we monitored the cellular uptake of PEGylated NCs in macrophages.
With increasing anti-PEG antibody concentration in the protein corona, the cellular uptake

increased steadily.

In conclusion, the anti-PEG antibodies in the protein corona could mitigate the stealth effect
of PEG, leading to accelerated blood clearance and undesirable side effects. Following our
results, the existence of anti-PEG antibodies in patients’ blood needs to be accounted for

when designing new nanocarrier-based therapies.







Zusammenfassung

Die Nanomedizin ist ein Forschungsgebiet, das in den letzten Jahrzehnten zunehmend an
Bedeutung gewonnen hat. Insbesondere Nanocarrier (NC) sind ein vielversprechender
Ansatz fur die effiziente und gezielte Verabreichung von Wirkstoffen. Eine grofe
Herausforderung ist die ausreichende Blut-Zirkulationszeit der NC. Sobald die NC in den
Blutkreislauf gelangen, reichern sich Proteine auf der Oberfliche an und bilden eine
sogenannte Proteinkorona, die das weitere Schicksal der NC bestimmt. Der derzeitige
Goldstandard zur Verringerung unspezifischer Proteinadsorption und zur Verlangerung der
Zirkulationszeit ist die Anbringung von Poly(ethylenglykol) (PEG). Das Polymer sorgt fiir
einen sogenannten ,,Stealth-Effekt, so dass der NC vom Immunsystem weniger erkannt
wird und besser im Kaorper zirkulieren kann. Allerdings wurden in den letzten Jahren
Antikorper identifiziert, die spezifisch gegen PEG gerichtet sind. Eine zunehmende
Prévalenz dieser anti-PEG-Antikorper wurde beschrieben und ihr Vorhandensein mit einer
verminderten Wirksamkeit und teilweise schweren allergischen Reaktionen auf PEGylierte
Therapeutika in Verbindung gebracht. Trotzdem wurde das VVorhandensein von anti-PEG-
Antikorpern in der Proteinkorona und deren Auswirkung auf die zellulare Aufnahme von
PEGylierten NC noch nicht untersucht. Daher wurden die bereits existierenden anti-PEG-
Antikorper bei gesunden Personen, ihre Anreicherung in der Proteinkorona von
PEGylierten NC und ihre Auswirkungen auf das zellulare Aufnahmeverhalten untersucht.
Zunéchst wurde die Verteilung der Antikorper in der deutschen Bevolkerung ermittelt,
wobei eine hohe Prévalenz in allen Altersgruppen festgestellt wurde. AnschlieBend wurde
das Bindungsverhalten der Anti-PEG-Antikdrper bestimmt. Die Analyse ergab eine starke
und spezifische Bindung an langkettiges PEG, wobei die Bindungsstarke mit abnehmender
Kettenldnge abnahm. Die Charakterisierung der Proteinkorona verschiedener NC-Systeme
zeigte eine signifikante Anreicherung von Anti-PEG-Antikdrpern auf der Oberflache von
PEGylierten NC. SchlieRlich wurde die Aufnahme von PEGylierten NC in Makrophagen
untersucht. Mit steigender Anti-PEG-Antikorperkonzentration in der Proteinkorona nahm
die zelluldre Aufnahme stetig zu. Folglich konnten die anti-PEG-Antikorper in der
Proteinkorona den Stealth-Effekt von PEG abschwachen, was zu einer beschleunigten
Ausscheidung im Blutkreislauf und unerwiinschten Nebenwirkungen fuhrt. Nach unseren
Ergebnissen muss die Existenz von Anti-PEG-Antikorpern im Blut von Patienten bei der

Entwicklung neuer Therapien auf der Basis von NC berticksichtigt werden.
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Motivation

1 Motivation

The idea of using nanomaterials for diagnoses and treating diseases has driven biomedical
research for decades. When fighting severe diseases like cancer, finding the right drug is
not the only challenge. Systemic exposure to toxic drugs often causes many unwanted side
effects. Additionally, to ensure appropriate dosage in the target area, often high amounts of
the drug need to be administered.*

To overcome these challenges, drug delivery is a promising approach. Nanotechnology has
revolutionized conventional therapeutic and diagnostic procedures by taking advantage of
the unique physicochemical properties of nanocarriers (NCs) such as their small size and
large surface area.? ® By incorporating drugs into NCs, several advantages can be achieved.
The drug and the body are protected from each other, preventing degradation of the drug
by metabolism and systemic exposure to the drug to minimize side effects.* Additionally,

when specific targeting is realized, it ensures that the full dosage can reach the target side.

Despite the great properties and potential, only a few NC systems have been approved by
the FDA and are available on the market. Nanomedicine still faces many challenges in the
process of clinical translation. Besides the active targeting, the circulation time of the NC
is crucial for its successful therapy. When a NC enters the blood stream, proteins and
biomolecules adsorb on the surface and form the so-called protein corona.® ” The protein
corona shapes the biological identity of the NC and determines the fate in vivo. Depending
on which type of proteins adsorb, they can both increase the circulation time or accelerate
the blood clearance. One common method to enhance the circulation time is the attachment
of a specific polymer named poly(ethylene glycol) (PEG) to the NC.® ® PEG ensures that
mainly proteins of the dysopsonin class bind to the NC surface, which provide a so-called
stealth effect. They “mask” the NC by reduction of unspecific protein adsorption so that it
is not recognized by the immune system as a foreign compound and can circulate

unimpeded.©

PEGylation was considered the gold standard for improving the circulation time. However
new challenges are emerging. Even though PEG is considered highly biocompatible,
antibodies specifically directed against PEG exist.!! Those so-called anti-PEG antibodies
were first described in 1983, but were considered to be of no clinical significance due to
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their low observed prevalence.? Still in 2005, many researchers were not convinced of the
relevance of anti-PEG antibodies and claimed that “no one has ever reported the generation
of antibodies to PEG under routine clinical administration of PEGylated proteins.”*®
Nevertheless, increasing prevalence of anti-PEG antibodies in the general population as
well as the structure of the antibody-PEG complex were described in the last years.!4°
This increased prevalence might be due to the ubiquitous use of PEG in consumer products
like cosmetics and processed food.?® Additionally, the Pfizer-BioNTech or Moderna
COVID-19 vaccines contain mRNA loaded into lipid nanoparticles (LNP), which are
stabilized by PEGylated lipids.?! Thus, the generation of anti-PEG antibodies might
become even more relevant now after the COVID-19 pandemic and the widespread
administration of PEGylated vaccines.

The presence of anti-PEG antibodies has been correlated with the reduced efficacy of
PEGylated therapeutics in clinical trials. Various research groups observed that the
administration of repeated doses of PEGylated NCs led to an accelerated blood clearance
and weakened efficacy of PEGylated therapeutics.???* Additionally, acute severe allergic

reactions were observed in some cases.

Regardless of the potentially serious consequences of circulating anti-PEG antibodies, their
impact on the effect of NC therapeutics and related side effects remains uncertain up to
now. Neither the prevalence nor the concentration of pre-existing anti-PEG antibodies
among the general population are well known so far.!! Furthermore, anti-PEG antibodies
could potentially become enriched in the protein corona of PEGylated NCs depending on
their presence in blood plasma, and induce unwanted side effects as described earlier.
Accordingly, anti-PEG antibodies in the protein corona are likely to be an important factor
for the fate of the NCs in vivo.? To address this question, we investigated the prevalence
of anti-PEG antibodies in healthy individuals, examined their presence in the protein corona

of PEGylated NCs, and studied their influence on cellular uptake.

10



State of the Art

2 State of the Art

2.1 Nanocarriers for biomedical applications

The National Nanotechnology Initiative of the U.S. Government (NNI) defines
nanotechnology as research and development at the atomic, molecular, or macromolecular
scale.?® Nanomaterials are developed in different forms and shapes with dimensions on a
scale of 1-100 nm and exhibit novel properties compared to the bulk material because of

their small size.

NCs are a potentially useful tool for medical applications because they could interact at the
cellular level in a controlled way. One promising approach in the field of nanomedicine is
the use for diagnostic purposes for example as an imaging agent.?” 2 Furthermore, the idea
of NCs as drug delivery system was already investigated in the 70s.2% 3 First, single
macromolecules were used to couple drugs covalently, now larger colloidal systems of

assembled polymers or crosslinked materials are being established.

Colloidal drug delivery systems are most commonly developed to guide drugs to the desired
location in the body while avoiding systemic side effects. By encapsulating, the drug is
likewise protected from degradation before it reaches the target location and the circulation
time in the blood stream can be prolonged.* Sufficient circulation time in vivo is necessary
for efficient targeting and high bioavailability. For example, highly lipophilic drugs and
drugs that are not stable in biological environments like proteins or nucleic acids can be
delivered via encapsulation.3! Additionally, potentially toxic drugs can be incorporated into
the nanomaterial to avoid unwanted interactions with the organism during the transport in

the body and therefore minimize systemic side effects.

For guiding the NCs to a specific location, passive or active targeting strategies can be used.
Passive targeting relies on the enhanced-permeation-and-retention (EPR) effect in tumor
tissues whereas active targeting requires a certain functional structure attached to the
carrier, which “addresses” a recognizing structure in the body.® The idea of active targeting

was already predicted by Paul Ehrlich over 100 years ago. He described a “magic bullet”
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2.2 Interaction with blood

concept where in theory drugs go straight to their intended cell-structural targets yet remain

harmless in healthy tissues.3?

Nowadays many different NCs are developed, each exhibiting advantages and
disadvantages. The transported drug can be dissolved, entrapped, encapsulated, or attached
to a NC matrix depending on the method of preparation.®® Overall, the use of colloidal drug
delivery systems can improve the performance of conventional drugs, prolong the
circulation time, guide the drug to a specific location, protect the cargo, and suppress

unspecific interactions with cellular components.

2.2 Interaction with blood

Once NCs are administrated into the body, they are modified by the interaction with the
biological environment. In more detail, due to the high surface energy of the NCs, plasma
proteins and other biomolecules adsorb on the surface and form a so-called protein
corona.® ” The protein corona influences the properties and behavior of the NCs within the
body tremendously. The NCs’ former chemical identity is substituted by a biological

identity.3* 3

Size, shape, surface charge, and functionalization as well as polymer material and
stabilization agent determine the chemical identity of the carrier.X® These surface properties
in turn affect the type and binding affinity of the proteins. The relevant forces for the
interactions are Van der Waals forces, hydrogen bonds, hydrophobic and electrostatic
interactions. These forces influence the interaction of the proteins with the surface and can
lead to conformational changes or denaturation and consequently change the activity and
recognition of the proteins.®® The new biological identity given by the adsorbed proteins

determines the fate and physiological response of the NC in vivo (Figure 1).
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Synthetic
Identity

Biological Physiological
Identity

Figure 1. The chemical identity of the NC is replaced by a biological identity due to the adsorbed
proteins. The formed protein corona is accountable for the physiological response. Reprinted with
permission from reference *. Published by The Royal Society of Chemistry. Copyright © 2012.

The process of protein corona formation is a competition between different proteins. Upon
first contact with blood plasma, highly abundant proteins predominately surround the NCs
and adsorb onto their surface. However, these proteins do not necessarily show the highest
affinity to the material. Over time, less abundant proteins with a higher affinity are likely
to substitute the initially adsorbed proteins with lower affinity. This dynamic competitive
adsorption is known as the “Vroman Effect”.%’ It is a kinetically driven effect and describes
why the abundance of certain proteins in the protein corona is not necessarily proportional
to their abundance in the blood.®® The result is a dynamic cloud of proteins around the NC
with more tightly bound proteins near the surface (“hard protein corona”) and loosely
bound proteins in the outer layer (“soft protein corona).>* These proteins near the surface
are considered irreversibly bound and are stable enough to not be interrupted during

experimental procedures like centrifugation.3% 4°
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2.2 Interaction with blood

The protein coronas on different nanomaterials can be complex and variable. The complete
plasma proteome is expected to contain as many as 3700 proteins. Approximately 50 have
been identified in association with various nanoparticles.'®“* An important class of proteins
are opsonins. They include extracellular proteins such as complement factors or
immunoglobulins (Ig) that trigger an immune response. Opsonins act as markers that
identify objects to be "eaten" by macrophages.*? In contrast, dysopsonins such as human
serum albumin and various apolipoproteins promote prolonged circulation in the

bloodstream.1% 43

The types and amount of proteins that form the protein corona strongly depend on the NC.
Material parameters like size, surface chemistry, or charge influence the protein binding as
well as environmental parameters like incubation time or temperature and pH value
(Figure 2). For example, hydrophobic NCs attract more proteins than hydrophilic ones. In
addition, lipophilic proteins like most dysopsonins tend to be highly present in the protein
corona of hydrophobic NCs.** 4> An example of the influence on opsonins is the interaction
with immunoglobulins. NCs with a neutral surface charge exhibit less unfavorable
interactions with immunoglobulins compared to cationic ones.*® Moreover, adsorption of
IgG on charged NCs results in significant aggregation.*” Furthermore, a high concentration
of 1gG in plasma leads to a significantly higher fraction of 1gG in the respective protein
corona, resulting in an increased uptake in human and murine macrophages via Fc-receptor
mediated endocytosis. This enrichment can be overcome by pre-coating the NC with high-

affinity stealth proteins like clusterin.*®
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Figure 2. Schematic representation of the main parameters influencing the protein corona
formation. Reprinted with permission from reference “°. Published by The Royal Society of
Chemistry. Copyright © 2021. This open access article is licensed under CC-BY-3.0.

Sufficient circulation time in the bloodstream is crucial for successful NC therapy, enabling
efficient targeting and high bioavailability. However, when administered into the blood,
NCs can be rapidly opsonized and degraded by phagocytic cells before reaching their target
site. Despite the great advantages of drug delivery systems and the wide variety of
applicable NCs, a major limitation is still that proteins are adsorbed upon contact with the
biological environment, altering their synthetic identity and affecting their final fate and
efficacy at the target site. It has been proposed to modify the surface of NCs to prevent
interaction with plasma proteins, but protein adsorption cannot be completely suppressed.
The interaction between NCs and individual proteins may be reduced or promoted based
on the design of the NC. For a prolonged circulation time, the goal is to reduce opsonin
adsorption and therefore prevent unspecific uptake in macrophages. This is usually referred
to as the ‘stealth’ effect, i.e. being almost undetectable by the immune system.>* The
attachment of poly(ethylene glycol) chains is a common method to reduce overall protein
adsorption and prolong the circulation time in blood. PEG is an attractive material to reduce
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2.3 PEGylation

opsonization because it is uncharged, hydrophilic, and non-immunogenic.® Accordingly,
PEGylated drugs and NCs show longer blood half-lives and less non-specific cellular
uptake compared to unmodified drugs.®® °® PEGylation can be achieved via adsorption,
grafting, or entrapment methods. It has become the means of choice for improving the
stealth effect of NCs.%!

2.3 PEGylation

Poly(ethylene glycol) can be formed by a process of linking repeating units of ethylene
glycol to form polymers with linear or branched shapes of different molecular masses.** A
variety of chemical modifications can be used to prepare PEG derivatives. The end-group

is especially important to insert functional groups to modify further reactivity.

PEGylation is the process by which PEG chains are attached to proteins, peptide drugs, or
NCs.>* PEGylation of NCs can be achieved in different ways: (1) PEG physically adsorbs
on the NC by electrostatic or hydrophobic interaction; (2) PEG is covalently grafted onto
the surface by forming a covalent bond; (3) PEG can be conjugated with hydrophobic
chains and thus be applied as a surfactant or for the formation of self-assembled carriers.>®
For our NC systems we achieved PEGylation via the non-covalent approach with a PEG-
based surfactant Lutensol®. It is based on a C16-C1s fatty alcohol as lipophilic part and PEG
as hydrophilic part (Figure 3(3)).

ey HO\/\%O/\%O\/\OH ) HO\/‘%O/\%O\/\O/

PEG mPEG

HO (o}
(3) \/\%0/\4’ \/\0

PEG-ether

Figure 3. Typical PEG structures applied for PEGylation.
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In the late 1970s, Abuchowski et al. were the first to report the coupling of PEG to a
protein.®® They demonstrated the improved pharmacokinetic and pharmacodynamic
properties of PEGylated albumin by an extension in the blood circulation time. PEGylation
of polypeptide drugs can increase their water solubility while renal clearance and toxicity
can be reduced.>” As kidneys filter substances basically according to size, by making the
molecule larger through PEGylation renal clearance can be reduced.>® Studies on PEG in
solution revealed that each ethylene glycol subunit is associated with two or three water
molecules. This binding of water molecules makes PEGylated compounds five to ten times
larger than their unmodified version.>® After polymers as drug-delivery vehicles were
introduced in the 1970s, Kabanov et al. were the first to propose the use of PEG as a
hydrophilic part of linear block copolymers for micellization in 1989.%°° Through
PEGylation of the NC, both inhibition of opsonization and enhancement of water solubility
can be achieved. Furthermore, PEG reduces the tendency of particles to aggregate by steric
stabilization, thereby producing formulations with increased stability during storage and
application.® In 1990, pegademase (Adagen®) was the first PEGylated protein drug
approved by the FDA. It is used for the treatment of severe combined immunodeficiency
(SCID), a disease associated with an inherited deficiency of adenosine deaminase.®! Up to
now, the FDA has approved around 30 PEGylated drugs and more are undergoing clinical

investigation.5?

In addition, PEG is not only used to optimize drug delivery but also in everyday products.
PEG and their derivates are widely used in cosmetics such as surfactants, cleansing agents,
emulsifiers, skin conditioners, and humectants. They comprise a class of compounds
varying in molecular weights between 200 and over 10,000 g mol™. The most common
uses include toothpaste, skin lotions, deodorant sticks, shaving creams, hand creams, face

makeup, bath products, and hair care products.?°

One major disadvantage of PEG is its non-biodegradability.® Oligomers with a molar mass
below 400 g mol were found to be toxic in humans as a result of sequential oxidation into
diacid and hydroxy acid metabolites by alcohol and aldehyde dehydrogenase. The oxidative
degradation significantly decreases with increasing molar mass. Therefore, a molar mass

well above 400 g mol™* should be used.?® On the other hand, the molar mass should not
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2.4 Immune system and anti-PEG antibodies

exceed the renal clearance threshold. Accordingly, a molar mass limit of 20-60 kg mol™ is

reported for nondegradable polymers.2% 2

PEG is considered the gold standard polymer with a high stealth effect and low intrinsic
toxicity. However, in some cases it was observed that PEGylation resulted in an enrichment
of opsonins such as immunoglobulins, promoting unspecific cell uptake.®* This could be
related to PEG-binding antibodies.®® More details on antibodies and their specific binding
to PEG are described below in chapter 2.4.

2.4 Immune system and anti-PEG antibodies

The immune system has the main function to protect the body from foreign compounds. It
can be divided into the innate and adaptive immune system. The innate immune system
provides an immediate, but non-specific response. Its major functions are to recruit immune
cells to the infection site, activate the complement cascade, and stimulate the adaptive
immune system. When a pathogen enters the body, the immune cells start to fight it.
Granulocytes, monocytes/macrophages, and dendritic cells exhibit pattern recognition
receptors (PRRs). They can destroy the pathogen itself by ingestion and digestion
(phagocytosis) or control the immune response of the organism by releasing inflammatory
mediators like cytokines or chemokines and attracting other defense cells to the site of
inflammation. The adaptive immune responses are highly specific to the particular
pathogen that induced them. The adaptive immune system creates an immunological
memory and can provide long-lasting protection. Any substance capable of eliciting an
adaptive immune response is referred to as an antigen (antibody generator).%® There are two
response classes of the adaptive immune system: antibody responses and cell-mediated
immune responses, which are carried out by different classes of lymphocytes (B cells and
T cells, respectively). Regarding the antibody responses, B cells are activated to secrete
antibodies, which are proteins called immunoglobulins. The antibodies circulate in the
blood stream and bind specifically to the foreign antigen causing it to inactivate. Antibody
binding also marks the invading pathogens for destruction, mainly by making it easier for

phagocytic cells of the innate immune system to ingest them (Figure 4).
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phagocytic cell
r (macrophage)
antigen
(bacteria)
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releasing antibodies
antigen that attack antigens
(virus)

antibodies

Figure 4. B cells produce antibodies that bind to antigens, inactivate them and mark them for
phagocytic cells. Phagocytic cells destroy antigens by phagocytosis.

Igs are categorized into five classes for humans and most mammals: I1gA, IgD, IgE, 1gG,
and IgM (Figure 5). All Igs share the same monomeric Y-shaped structure that consists of
two heavy chains (50 kDa for 1gG, 55 kDa for IgA, and 70 kDa for IgM) and two light
chains (25 kDa), which are linked via disulfide bonds. The two arms of the Y-structure
carry the binding sites for the antigens at their ends. Those antigen-binding fragments (Fan-
fragments) are highly variable and it is estimated that each person has at least 107 different
antibody specificities.®” The stem mediates the effector functions and is called

crystallizable fragment (Fc-fragment) (Figure 6).
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J chain Ciyd

Cpyé -

IgA IgM

Figure 5. The five main classes of antibodies (immunoglobulins): 1gG, 1gA, IgD, and IgE. Adapted
with permission from reference ®. Published by Springer-Verlag GmbH Deutschland.
Copyright © 2019.

The Ig classes differ in structure, distribution in the organism, and their effector functions:
Antibodies of the IgM class account for about 10% of all Igs. They are pentamers and
consist of five identical subunits of 180 kD each. All naive B cells carry IgM as a B cell
receptor on their surface. Accordingly, IgM is the first Ig secreted in the course of an
immune reaction. After the acute phase, the IgM concentration in the blood plasma
decreases and IgG levels rise for a long-term "memory" effect of the immune system
against the pathogen. In terms of quantity, IgG is the dominant Ig class in serum, where it
accounts for approximately 10 g L™ and about 75% of all serum immunoglobulins. IgA
exists in three forms: as a monomer, as a dimer with J-chain, and as secretory IgA. It is
mainly located in secretory substances, such as tears, and forms a barrier at the mucous
membranes to prevent pathogens from entering further into the body. IgE occurs only in
extremely small amounts in the serum. The vast majority of IgE is present cell-bound on
eosinophils, basophils, and mast cells. Its reaction with an antigen causes the release of

mediators of the anaphylactic reaction.

20



State of the Art

antigen-binding

site antigen-binding

site

hinge

effector function:
complement
activation
Fc-receptor
binding

Figure 6. X-ray crystal structure and schematic representation of an IgG. Heavy chains are shown
in gray and light chains in red. Adapted with permission from reference . Published by Springer-
Verlag GmbH Deutschland. Copyright © 2019.

NCs can be recognized as foreign compounds by the body or alter the protein physiological
functions and thereby trigger the action of the immune system, causing inflammatory
reactions. To shield the NCs from the immune system, PEGylation is typically used to
decrease unspecific protein adsorption and enrich certain proteins with stealth properties
on their surface. However, nowadays antibodies that specifically bind to PEG have
emerged. Those anti-PEG antibodies were first described by Richter et al. in 1983.1% They
were only observed in approximately 0.2% of healthy blood donors, which at that time was
considered to be of no clinical significance and probably not to interfere with the clinical
use of PEGylated therapeutics.%® Later on, various research groups observed that the
administration of repeated doses of PEGylated NCs led to an accelerated blood clearance
and weakened efficacy of PEGylated therapeutics.?? Additionally, for example, Doxil, a
PEGylated liposome formulation, caused immediate hypersensitivity reactions upon first
injection in some patients.?* Acute severe allergic reactions to pegnivacogin, a PEGylated
aptamer, were observed exclusively in patients with pre-existing anti-PEG antibodies and
were associated with complement activation and tryptase release.?® In animal models,
repeated injection of PEGylated liposomes induced the formation of anti-PEG IgM and
enhanced clearance of a second dose. Cheng et al. raised the assumption that the ethylene
oxide repeating unit in PEGylated NCs acts as a TI-2 (thymus independent) antigen and
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could be an immunogenetic epitope of PEG and a binding site for anti-PEG IgM. TI-2
antigens can induce an immunological response by cross-linking the cell surface
immunoglobulins of specific B cells (marginal zone B cells), resulting in the secretion of
IgG and IgM from the B cells.”® Binding of IgM can trigger opsonization of complement

factors that subsequently promote phagocytosis by Kupffer cells (Figure 7)."

Complement activation

PEGylated liposomes
( First dose )

|

Association of anti-PEG IgM

ANt-PEG lgM ( Second dose )

Spleen Liver

Kupffer cell

\_ Production of anti-PéG IgM by MZB cells % Complement-mediated phagocytosis

Figure 7. Representation of the sequence of events leading from anti-PEG IgM induction in
marginal zone B cells (MZB cells) to accelerated clearance of PEGylated liposomes and
complement activation. Reprinted with permission from reference 2. Published by Wiley-VCH
GmbH. Copyright © 2023. This open access article is licensed under CC-BY-4.0.

In contrast to most antidrug antibodies, anti-PEG antibodies were observed in both
PEGylated therapeutics-treated patients and healthy (treatment-naive) individuals. In 2016,
Chen et al. reported pre-existing anti-PEG antibodies in healthy Han Chinese and found
that 44.3% of participants tested positive for anti-PEG 1gG and IgM antibodies.!’” Yang et
al. found detectable anti-PEG antibodies in as much as 72% of the samples (18% 1gG, 25%
IgM, and 30% both).*8 One reason for the high prevalence throughout the population might
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be the abundance of PEG in everyday products such as cosmetics and processed food.?°

Casual exposure to PEG compounds may induce anti-PEG antibodies.”

It was controversial how antibodies could recognize a flexible and unspecific structure like
PEG.” A recent study by Huckaby et al. characterized the anti-PEG antibody structure in
complexes with PEG chains by X-ray crystallography.l® They demonstrated how
antibodies could bind highly flexible repeating structures like PEG between two anti-PEG
Fan fragments in an open ring-like sub-structure, whereby the PEG backbone is likely to be
captured and stabilized via VVan der Waals interactions. They reported the PEG size of the
PEG antigen epitope to consist of roughly ~16 repeating units, suggesting that a PEG chain

would have to be >700 g mol™ to be able to interact with the antibodies (Figure 8).

Heavy Chain ~—"_ Light Chain

Heavy Chain

Figure 8. Crystal structure of two anti-PEG antibody F., fragments forming a dimer complex with
a single PEG chain. Color to denote heavy and light chain pairings of each Fa, monomer (heavy
chain 1, magenta + light chain 1, pink; heavy chain 2, deep blue + light chain 2, light blue).
Reprinted with permission of m reference °. Published by Springer Nature. Copyright © 2020. This
open access article is licensed under CC-BY-4.0.

Subsequently, anti-PEG antibodies could interact with PEGylated NCs and counteract the
stealth effect of PEG, leading to accelerated blood clearance and possible severe allergic
reactions. Their impact on the effect of NC therapeutics and related side effects remains

uncertain up to now.
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3 Methods

3.1 Enzyme-linked immunosorbent assay

An enzyme-linked immunosorbent assay (ELISA) can be used to determine the
concentration of a compound, usually a protein. It is based on the specific interaction
between an antibody and its antigen and is normally executed in microtiter plates. The
antigen can be immobilized directly in the well via unspecific adsorption (direct ELISA)
or it can be captured with an antibody (sandwich ELISA). After several washing steps, a
specific detection antibody binds to the immobilized antigen. An enzyme is covalently
linked to the detection antibody and can be quantified in a colorimetric reaction.” ® In this
work, ELISA was used for the quantification of PEG binding to 1gG and IgM. Anti-PEG
IgG and IgM (although technically antibodies) are here considered to be the antigens. To
detect anti-PEG antibodies specifically, PEG chains were adsorbed to the surface of the
well. Only anti-PEG antibodies bound to the immobilized PEG chains and any unbound
proteins were washed away. Subsequently, an antibody specifically binding to the Fc
domain of human IgG was used for the detection of anti-PEG IgG. Horseradish peroxidase
(HRP) was linked to the secondary antibody and catalyzed the oxidation of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) in the presence of hydrogen peroxide
(Figure 9). The stable radical cation, which is the reaction product, has an absorption
maximum at 405 nm and can be quantified photometrically after 30 min reaction time. The

concentration can be determined by comparing to a serial dilution of a standard.
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Figure 9. Oxidation of ABTS for photometric quantification in an ELISA.
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To analyze the specific binding, a competition assay can be performed. Therefore, soluble
PEG chains were added before incubation with the biological sample. Anti-PEG antibodies
subsequently interact with immobilized and free PEG chains and after several washing
steps, the concentration of the competition assay will be decreased. Figure 10 displays a

schematic overview of the assay.
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Figure 10. Schematic setup of the ELISA test.
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3.2 Microscale thermophoresis

Microscale thermophoresis (MST) is a biophysical technique that measures the strength of
interaction between two molecules by detecting variations in fluorescence intensity because
of an infrared (IR) laser-induced temperature change. The strength of the interaction
between the binding partners is represented by the dissociation constant Kg. It represents
the likelihood that the interaction between the molecules will break apart. One requirement
is a fluorescent binding partner. A fluorophore re-emits light upon light excitation,
depending on the structure and its chemical environment. Figure 11 displays the MST
setup. Heating a small volume in a capillary with an IR laser induces a rapid temperature
change. This induces both a temperature related intensity change (TRIC) and
thermophoresis. TRIC describes how the fluorescence intensity of a fluorophore depends
on the local temperature of the solution. The extent of the temperature dependence is
strongly related to the chemical environment of the fluorophore. Thermophoresis describes
the movement of molecules along temperature gradients, which results in a quantifiable
change in the local concentration of the target molecules. Initially, the molecules are
homogeneously distributed and a constant “initial fluorescence” is detected. Within the first
second after activation of the IR laser, a rapid change in fluorophore properties occur due
to the fast temperature change and subsequently thermophoretic movement out of the
heated sample volume. After deactivation of the IR-Laser “backdiffusion” of molecules
occurs Figure 11C). The change in fluorescence is recorded as a function of temperature
as well as concentration of its ligand. The range of the variation in the fluorescence signal
correlates with the binding of a ligand to the fluorescent target (Figure 11D).”"° A
concentration series of the non-fluorescent ligand, in our case anti-PEG IgG, was prepared
and the fluorescent target (FITC-labelled PEG) was added. By comparing the fluorescent
signal at a low concentration (unbound state) with a high concentration (bound state), the
dissociation constant can be determined. Therefore, the change in the fluorescence signal
is plotted against the concentration of the non-fluorescent ligand to yield a binding curve,
which can be fitted to derive binding constants.
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Figure 11. MST setup and experiments. (A) The Monolith NT.115 from NanoTemper
Technologies GmbH with capillary tray. (B) Schematic representation of MST optics. (C) Typical
signal of an MST experiment. (D) Typical binding experiment. Black trace: unbound state, red
trace: bound state. Plot of AFnm at different ligand concentrations yields in a binding curve and
can be fitted to derive binding. Reprinted with permission from reference °. Published by Elsevier
B.V. Copyright © 2014. This open access article is licensed under CC-BY-3.0.
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3.3 Pierce assay

The protein quantification of desorbed corona proteins is the first step in the analysis of the
protein corona. The Pierce 660 nm assay is based on the formation of a metal complex with
proteins in acidic media. The dye-metal complex is a
polyhydroxybenzenesulfonephthalein-type dye and a transition metal binding to mainly
basic amino acid residues in proteins such as histidine, arginine, and lysine.®° The dye-
metal complex is reddish-brown and changes to green upon protein binding. The color
change is produced by deprotonation of the dye at low pH value facilitated by interactions
with positively charged amino acid groups in proteins and can be detected by measuring
the absorbance at 660 nm. The protein concentration can be determined by comparing the
absorbance to a serial dilution of bovine serum albumin (BSA) as standard.

3.4 Liquid chromatography-mass spectrometry

For the identification of proteins, analysis by liquid chromatography-mass spectrometry
(LC-MS) is performed. Before the actual analysis, the proteins must be digested with
trypsin to obtain smaller fragments (peptides) with detectable mass/charge (m/z) ratios.
Trypsin cleaves proteins behind the C-terminus of lysine and arginine, which results in
peptides of about 14 amino acids. These smaller peptides can then be separated by high-
performance liquid chromatography (HPLC) according to their polarity. Subsequently, the
peptides must be ionized via electrospray ionization (ESI) in a positive ionization mode.
After analysis via MS, the measured m/z signals of the peptides are matched to a database
in a so-called “peptide-mass fingerprinting” process. Since the same peptide fragments may
appear in multiple proteins, careful analysis of MS experiments regarding proteins is
required and only proteins with at least 2 unique peptides found are considered identified

successfully.81-83

29



3.4 Liquid chromatography-mass spectrometry

30



Results and Discussion

4 Results and Discussion

4.1 Anti-PEG antibody quantification

The following chapter 4.1.2 is based on the submitted manuscript “Anti-PEG antibodies
enriched in the protein corona of PEGylated nanocarriers impact the cell uptake”. For the

thesis, this chapter was extended with additional experiments and details.

In 1983, Richter et al. first reported the potential immunogenicity of PEG itself.}? They
observed anti-PEG antibodies (mainly IgM isotype) in approximately 0.2% of healthy
blood donors. Subsequent studies verified the presence of pre-existing anti-PEG antibodies
but observed a wide range of positive frequencies. In individual studies, between 22-72%

of the samples were found positive for anti-PEG antibodies.'4®

One explanation for the discrepancy in the reported prevalence of anti-PEG antibodies may
be the multiple assay systems used. Results obtained with different methods are usually
incomparable, and some of them are only qualitative rather than quantitative. It was also
criticized that many assays for anti-PEG antibodies are flawed and lack specificity.’* Early
methods such as passive hemagglutination are not specific enough and are now mostly
obsolete. Currently, the standard method is ELISA. It can simultaneously provide high
sensitivity and rapid screening of multiple samples. However, anti-PEG antibody
specificity was not always thoroughly confirmed and detergents like Tween® could
interfere with the antibody binding.®* Without a commercially available human anti-PEG
antibody standard, only relative amounts of anti-PEG antibodies can be estimated, which
makes the comparison of different studies difficult.®® Consequently, a validated ELISA

protocol is critically needed.

Chen et al. engineered chimeric monoclonal anti-PEG antibodies (IgM and 1gG) generated
by combining mouse Fa, with human F¢ fragments and analyzed anti-PEG IgG and IgM
antibodies by direct ELISA.!” Those antibodies were used as standards to analyze the anti-

PEG antibody prevalence among the German population.
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4.1.1 ELISA development and optimization

As mentioned above, the ELISA protocol is based on the development by Chen et al.1” In
the assay, anti-PEG antibodies in the plasma samples bound to poly(ethylene glycol)
diamine immobilized on the plates. An enzyme-linked secondary antibody then specifically
detected anti-human IgG or IgM antibodies. The relative concentrations of anti-PEG IgG
or IgM antibodies in the plasma samples were determined by comparison to standard curves
obtained from a serial dilution of chimeric anti-PEG antibodies ¢3.3-1gG or cCAGP4-IgM.%
The schematic setup of the ELISA is shown in Figure 10 (chapter 3.1).

First, the capabilities of the herein used ELISA method were investigated by determining
the method's limit of detection (LOD) and limit of quantification (LOQ) in accordance with
DIN 32645. For this, ten blank samples were analyzed according to the protocol described
in chapter 5.3. LOD was calculated as the mean background absorbance of the blank
samples plus three times its standard deviation and LOQ was calculated as the mean
background absorbance plus ten times its standard deviation. As a result, LOQ was
determined to be an absorbance of Ay, = 0.27. This determines the lower limit of
quantifiable concentration to be 0.5 pg mL™. IgM naturally occurs in a lower concentration
than 1gG; hence a higher sensitivity is necessary. To detect the lower concentration of anti-
PEG IgM a peroxidase substrate with a higher sensitivity was used. QuantaBlu®
Fluorogenic Peroxidase Substrate is a soluble fluorogenic substrate for the detection of
peroxidase activity. It produces a blue fluorescent product that can be quantitated by

fluorometry. With this, a quantification down to a concentration of 0.05 pug mL is possible.

For optimal quantification, the standard needs to be in a linear range. For anti-PEG ¢3.3-
IgG the curve was linear for a concentration range between 0.5 — 8.0 pg mL™ with
R2>0.985. For anti-PEG cAGP4-IgM the curve was linear in a log-log plot for a
concentration range between 0.05 — 6.5 ug mL* with R?> 0.978. For each well plate used
in an ELISA experiment a separate calibration was performed. Figure 12 displays the
standard curves performed on several days to highlight the reproducibility.

Additionally, we performed a competition assay to confirm that anti-PEG antibodies
specifically bind to PEG and did not randomly adsorb on the plates. For the competition

assay, free PEG was added to the plasma samples to compete with the immobilized PEG
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chains. This reduced the number of detectable antibodies. Consequently, the sample was
considered positive for anti-PEG antibodies if the color reaction was reduced by at least

35% compared to the reading without adding free PEG.
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Figure 12. Chimeric antibody standard curve. Eight individual standard curves were performed on
several separate days over one month. Error bars represent standard deviation from triplicates.
Linear regression based on mean values of all eight standard curves. (a) Linear range of the
calibration curve with c.3.3-1gG as standard and ABTS. (b) Calibration curve with cAGP4-1gM and
QuantaBlu® in a log-log plot.
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4.1.2 Plasma screening among the German population

As mentioned earlier, an increasing number of studies report pre-existing anti-PEG
antibodies in Chinese and North American populations.t” 1& ¢ We performed plasma
screening to evaluate the prevalence of the anti-PEG antibodies among the German
population. To this end, we received 500 plasma samples from healthy blood donors,
representing the plasma source we typically use for protein corona studies. The samples
were chosen randomly and collected together with information about the donor’s age (year
of birth) and gender. Figure 13 shows the age distribution of all collected plasma samples.
It is important to note that the plasma samples were collected in early 2019 before
PEGylated Covid-19 vaccines were approved and applied. We analyzed the anti-PEG
antibody prevalence and concentration in plasma samples using a modified ELISA test as
described in chapter 4.1.1.
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Figure 13. Age distribution of all collected plasma samples (black: female, red: male samples).

As indicated in Figure 14, anti-PEG antibodies were present in the majority of the samples
with minor differences between male and female donors. 82% of the female donors were
positive for anti-PEG 1gG, and 55% were positive for anti-PEG IgM. The male donors
showed a slightly lower prevalence of 74% for anti-PEG IgG and 54% for anti-PEG IgM.
Overall, 49% of all donors were positive for both IgG and IgM and in only 17% no anti-

PEG antibodies could be detected. This means that in ~83% of all donor samples anti-PEG
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antibodies were found. In general, anti-PEG IgG was more prevalent than IgM, while both
followed a similar trend, as shown in Figure 14d. The prevalence of anti-PEG IgG and
IgM is shown depending on donor age. Samples were grouped into 10-year time intervals
and groups of <20 and >60 years of age. Here, it can be seen that anti-PEG prevalence

roughly followed a linear trend and decreased with age for both immunoglobulin isotypes.
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Figure 14. (a, b) Prevalence of anti-PEG IgG and IgM antibody distribution depending on age and
separated by gender (black: female, red: male samples). (c) Mean prevalence of anti-PEG IgG and
IgM antibodies (black: female, red: male samples). (d) Overall prevalence distribution depending
on age.
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Figure 15 displays the anti-PEG 1gG and IgM concentrations for all measured samples
depending on age and gender. Additionally, samples were grouped into 10-year time
intervals and groups of <20 and >60 years of age. Both immunoglobulin isotypes varied
the most and showed the highest absolute concentrations in the age group between 21-30
years. The outliers and mean values of antibody concentration slightly decreased with

increasing age, more prominently for anti-PEG IgG than for IgM.
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Figure 15. (a, b) Concentration of anti-PEG 1gG and IgM antibodies of all measured samples
depending on age. Error bars represent standard deviation from triplicates. (c, d) Concentration of
anti-PEG IgG and IgM antibodies in age groups.

These results agree with findings from previous studies. Chen et al. reported anti-PEG IgG
and IgM antibodies in 44.3% of healthy donors, and Yang et al. found detectable anti-PEG
antibodies in as much as 72% of the samples (18% IgG, 25% IgM, and 30% both).1’ 18
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Here, it is also important to compare the results with regard to the thresholds of minimum
ELISA sensitivity among the different studies. Chen et al. reported LOQs of 0.3 pg mL™*
for 1gG and 0.1 pg mL™? for IgM. Yang et al. investigated their samples using different
minimum cutoff values of either 0.5 or 0.1 pug mL™ for both classes. In our experiments,
LOQ was determined to be 0.5 pug mL™ for IgG and 0.05 ug mL. Notably, for anti-PEG
IgM there were no samples with a concentration between 0.05 — 0.1 ug mL™. Thus, the
detection sensitivity applied to our experiments to obtain results in terms of prevalence

(% positive samples) was comparable to the previously mentioned studies.

One reason for the high prevalence throughout the population might be the abundance of
PEG in everyday products such as cosmetics and processed food.2° Casual exposure to PEG
compounds may induce anti-PEG antibodies.”® Yang et al. postulated the following
mechanism: The skin is always exposed to external stimuli, which can cause an
inflammatory response and the recruitment of immune cells. Upon exposure to PEG in
daily use of cosmetics, PEG is likely to come into close proximity with highly activated
immune cells, which might result in the induction of anti-PEG antibodies. Accordingly,
daily exposure to for example cosmetics, toothpaste, or shampoos, that contain some forms
of PEG, might contribute to the increase in the prevalence of pre-existing anti-PEG
antibodies. Subsequent exposure to PEGylated therapeutics may further induce a robust
memory immune response to PEG.'® The higher prevalence of anti-PEG antibodies in
younger individuals might be due to the more widespread use of PEG in convenience
products and cosmetics in recent years and changes in general consumer behavior.

Additionally, a diminished immune response in older individuals could play a role.
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4.1.3 Conclusion

Several studies report pre-existing anti-PEG antibodies in a wide range of positive
frequencies (0.2-72%).1418 The increased anti-PEG antibody prevalence might be due to
an improved method and limit of detection over time but also greater exposure to PEG in
everyday products. Small protocol differences like antigen coating, incubation time, agents,
etc. can significantly affect final readings, which makes it difficult to compare results from
different experiments directly.8” We based our ELISA measurements on the development
by Chen et al. and just slightly modified the protocol to adapt to the properties of our
samples. The standard curves displayed in Figure 12 highlight the reproducibility and the
low LOQ (0.5 pg mL? for anti-PEG IgG and 0.05 pug mL™* for anti-PEG IgM) of our
method.

The plasma screening revealed a high prevalence of anti-PEG antibodies in the German
population. 83% of the plasma samples were found to be positive for anti-PEG 1gG or IgM.
Interestingly, the prevalence inversely correlates with age. The same trend could be
observed for the concentration. The highest absolute concentration and most variation were
detected in the age group between 21-30 years. This high prevalence might well be due to

casual exposure to PEG compounds in everyday products.
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4.2 Binding characterization of anti-PEG antibody to soluble PEG

The following chapter 4.2.2 is based on the submitted manuscript “Anti-PEG antibodies
enriched in the protein corona of PEGylated nanocarriers impact the cell uptake”. For the

thesis, this chapter was extended with additional experiments and details.

A few studies exist that discuss the binding behavior of anti-PEG antibodies. The cross-
reactivity of anti-PEG antibodies toward other polymers with a C-C-O backbone or the
specific binding to the PEG backbone versus the end-group were analyzed by competitive
ELISA test.?8 8 Additionally, X-ray crystallography studies offer insight into the structural
basis of PEG recognition by the anti-PEG antibody as described in chapter 2.4.1% .91 A
correlation between PEG molecular weight and anti-PEG I1gG binding was analyzed by
determining the ECso values by applying ELISA.Y” However, no study on the direct binding
affinity of monospecific anti-PEG antibodies to PEG with different chain lengths exists so

far.

As a preliminary study, we used a competitive ELISA to compare the binding of anti-PEG
IgG to PEG with different chain lengths and end-groups. To quantify the strength of the
interaction between anti-PEG antibodies and PEG, we performed microscale
thermophoresis (MST) measurements. Additionally, we used fluorescence correlation

spectroscopy (FCS) to confirm our results.

4.2.1 Competitive ELISA

We used a competitive ELISA to compare the binding behavior of anti-PEG 1gG to PEG
with different chain lengths. The wells were coated with PEGiok-diamine. PEG with a chain
length between 2,000 and 10,000 g mol* and with hydroxy or methoxy end-group was used
for competition. A dilution series of the competitor was analyzed to compare the
concentration. The stronger the binding is, the lower the concentration is needed for the
same competition (reduction of the initial signal). More details on the method are described
in chapter 5.4.1. The competition achieved by the different PEG variants is displayed in
Figure 16. The maximum competition seemed to be reached for all samples at a
concentration of ~ 0.1 ug mL™, which refers to 1.25 pug PEG per well. No change in the

competition behavior can be seen between PEGiok, MPEG1ok, and mPEGsk. The samples
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that showed the most significant difference are PEG1ok and PEG2k, which are displayed
again for better visibility in Figure 16b. The relevant concentration range is marked with
a red frame. For the same concentration, a higher competition is achieved with PEGiok
compared to PEGz, referring to a higher binding. If PEGk is used as a competitor, the
antibodies tended to bind more to the PEGiok-diamine in the well than PEGakin the solution.
This quick and easy method revealed a stronger binding of anti-PEG IgG to PEGaok than to
PEG2« and is in good agreement with previous studies.!” Competitive ELISA can be used

for a quick comparison but for more detailed analysis, especially direct binding affinities,
a different method is necessary.
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Figure 16. ELISA competition assay. (a) Dilution series of PEGiok, PEG2k, MPEGiok and mPEGsk
competitor. (b) Comparison between PEGi and PEGa. Red frame indicates the relevant
concentration range with the most significant difference.

4.2.2 Microscale thermophoresis

No study on the direct binding affinity of anti-PEG antibodies to PEG with different chain
lengths exists so far. We performed microscale thermophoresis (MST) measurements to
quantify the strength of the interaction between anti-PEG antibodies and PEG. The
technique is based on a temperature-induced fluorescence change of a labeled target as a
function of the concentration of a non-fluorescent ligand.”” We used FITC-conjugated
mMPEG (methoxy-terminated PEG) as a target. Varying the PEG chain length gave us an
insight into how the chain length influences the binding affinity to anti-PEG IgG,
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represented by the dissociation constant (Kq). As a negative control, we used FITC-
conjugated dextran. In Table 1 details on the used settings can be found. The obtained
results are listed in Table 2 and the corresponding binding curves are shown in Figure 17.
The binding of anti-PEG IgG to mPEG with a molecular weight of 10,000 or 20,000 g mol*
yielded the lowest Kq values (28 — 44 nM), which indicates the highest binding affinity.
The difference between the two Kq values is not significant, but for lower PEG molecular
weights the obtained Kq values were considerably higher. This means that binding strength
decreased with decreasing PEG chain length. As expected, no binding could be observed
in the negative control.

Table 1. Settings used for microscale thermophoresis analysis. Target: methoxy-terminated
poly(ethylene glycol) (mPEG) with different chain lengths, ligand: anti-PEG 1gG. Highlighted in
gray are the settings plotted in Figure 17.

target target concentration/ nM  ligand concentration/ UM excitation power/ %
mMPEG20k-FITC 20 25 100
mPEG20k-FITC 20 1 80
mPEG10k-FITC 25 0.75 60
mPEG10k-FITC 25 0.75 80
MPEG10k-FITC 25 0.75 100
mPEG10k-FITC 20 1 60
mMPEG10k-FITC 20 4 40
mPEG5k-FITC 50 1.65 20
mPEG2k-FITC 50 4 40
dextran-FITC (neg. control) 50 1.65 80
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Figure 17. Microscale thermophoresis data analysis. Plot of the normalized fluorescence Fnorm (%o)
vs the concentration of anti-PEG IgG as ligand. The target FITC conjugated mPEG with different
chain lengths: mMPEG20k-FITC (a), mMPEG10k-FITC (b), mPEG5K-FITC (c), mPEG2k-FITC (d)
was incubated with increasing concentration of anti-PEG IgG as ligand. The settings of the
measurements can be seen in the table above, highlighted in gray are the used settings (Table S1).
The MST traces are fitted according to the law of mass action to obtain Kq values.

These results indicate a strong and specific binding of anti-PEG 1gG to mPEG and agree
with previous studies. Chen et al. analyzed the binding of anti-PEG IgG to immobilized
mPEG ranging in size from 30,000 g mol to 2,000 g mol™ and observed better binding
(characterized by ECso values) for longer chains of mPEG.!” Additionally, the same group
investigated the binding of bispecific PEG engagers to mMPEGsk with MST. They observed
a strong binding with a Kq value of 7.6 nM.%? Furthermore, Huckaby et al. reported the PEG

42



Results and Discussion

size of the PEG antigen epitope consists of roughly ~16 repeating units, suggesting that a
PEG chain would have to be >700 g mol™ to be able to interact with the antibodies.*® This
confirms our results that a certain chain length is necessary for sufficient binding and a

longer PEG chain leads to stronger binding of anti-PEG antibodies.

Table 2. Microscale thermophoresis analysis to quantify interaction strength (dissociation constant
Kq) between anti-PEG IgG and FITC-labeled mPEG or dextran as a negative control.

target polymer molecular weight/ g mol! Ko/ nM
MPEG20k-FITC 20,000 44 + 25
MPEG10k-FITC 10,000 24 +12
MPEGsk-FITC 5,000 249 +51
MPEGa-FITC 2,000 2690 + 946
dextran-FITC (neg. control) 10,000 no binding

4.2.3 Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) is a very sensitive method to determine
fluctuations in fluorescence intensity. Based on this, information about the diffusion
constant, concentration, and binding behavior can be obtained. We used FCS to confirm
our analysis with MST for one exemplary PEG chain length (mPEGsk). The experiments

were performed by Dr. Kaloian Koynov (MPI-P).

In Figure 18a, the autocorrelation curves for FITC-labeled mPEGsk with three different
concentrations of anti-PEG 1gG are shown. The anti-PEG IgG concentrations were based
on the results of the MST analysis to cover the relevant range from no binding to full
binding. The black squares display the autocorrelation curve for mPEGsk. A shift of the
autocorrelation curve toward higher lag times refers to a slower diffusion coefficient and
therefore larger hydrodynamic radius (Rn). By applying a fit to the autocorrelation curves
using a sum of exponential decays, the change in the average diffusion coefficient after
binding can be extracted. With the addition of 0.5 uM anti-PEG IgG, the fit is almost the
same as for the pure polymer (Rn= 2.4 + 0.2 nm compared to Ry = 2.1 + 0.2 nm for the
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4.2 Binding characterization of anti-PEG antibody to soluble PEG

polymer). This means at a low antibody concentration nearly no interactions between anti-
PEG antibodies and PEG could be seen. With a higher concentration of 2.5 uM anti-PEG
IgG, the curve shifted towards higher lag times and the size of the fluorescent species
increased to an Ry of about 60 + 6 nm. For the highest concentration of 5.0 uM anti-PEG
IgG, the curve shifted further and the size of the fluorescent species increased even more
to an Ry of about 117 + 12 nm. Additionally, confocal laser scanning microscopy (cLSM)
images were taken from the bottom of the chamber (Figure 18b-d). Comparing the images,
an increased aggregation can be observed with increasing anti-PEG IgG concentration. This

correlates with the measured increasing Rn.
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Figure 18. (a) FCS autocorrelation curves and corresponding fits of PEGs,-FITC with different
amounts of anti-PEG IgG. Pure PEGsk-FITC (black squares), PEGsk-FITC and 0.5 uM anti-PEG
1gG (red circles), PEGsk-FITC and 2.5 puM anti-PEG 1gG (blue triangles), PEGsk-FITC and 5.5 uM
anti-PEG IgG (pink diamonds). CLSM images of the bottom of the chamber (b) PEGs«-FITC and
0.5 UM anti-PEG IgG, (c) PEGs«-FITC and 2.5 uM anti-PEG IgG, (d) PEGsk-FITC and 5.0 uM
anti-PEG IgG.
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PEGsk has a molecular weight of 5,000 g mol™* and around 113 repeating units. For 1gG, an
R of about 6 nm was reported.®® Imagining the polymer chain as a completely stretched
chain, where always two antibodies interact with ~16 repeating units, a maximum of 14
antibodies could theoretically bind to the PEG chain. This would correspond to an Ry of
about 100 nm. The actual structure in solution is likely different but the theoretical

maximum fits well with the observed binding results.

Overall, the shift in the autocorrelation curves indicates a higher extent of binding with an
increase in the antibody concentration. For a more detailed analysis on the binding
behavior, further investigation is still needed in the future. Nevertheless, the analysis

confirms the results obtained by MST.

4.2.4 Conclusion

Competitive ELISA can be used for a qualitative comparison of the binding behavior of
anti-PEG antibodies to PEG with different chain lengths and end-groups. Our analysis
revealed no difference regarding the end-group, but a stronger binding to PEG10kx compared
to PEG2k could be observed. Microscale thermophoresis was used for a more detailed
analysis and to quantify the binding strength of anti-PEG 1gG. The analysis revealed a clear
trend that binding strength decreased with decreasing PEG chain length, which is in good
agreement with other studies.'” 1° Additionally, the binding behavior for anti-PEG 1gG to

mPEGsk was confirmed by FCS measurements.
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4.3 Detection of anti-PEG antibodies in the protein corona

4.3 Detection of anti-PEG antibodies in the protein corona

Parts of the following chapters are based on the submitted manuscript “Anti-PEG
antibodies enriched in the protein corona of PEGylated nanocarriers impact the cell

uptake”. For the thesis, this chapter was extended with additional experiments and details.

PEGylation is widely used and an important approach to both stabilize and prolong the
circulation time of colloidal NCs. As soon as NCs enter the bloodstream, the NC surface
interacts with proteins to form the so-called “protein corona”, depending on the physico-
chemical properties of the material. The protein corona is the biological coating of the NC
that creates its biological identity as recognized by cells.” % The presence of PEG strongly
determines the composition of the protein corona of PEGylated NCs. It decreases
unspecific protein adsorption and enriches stealth proteins like clusterin, which in
combination reduces macrophage uptake.>® % However, due to the high abundance of anti-
PEG antibodies in the plasma, they could potentially become enriched in the protein corona
of PEGylated NCs and induce unwanted side effects. Accordingly, anti-PEG antibodies in

the protein corona are likely to be an important factor for the fate of the NCs.?

To study the antibody presence in the protein corona, silica nanocarriers (SiNCs) and
polystyrene nanoparticles (PS-NPs) were synthesized and non-covalently PEGylated.
Subsequently, the protein corona was formed using undiluted pooled human plasma. The
protein corona was analyzed regarding the overall protein content and composition and
specifically the anti-PEG IgG concentration. Only anti-PEG IgG was monitored because it
is usually present in a higher concentration than anti-PEG IgM and therefore easier to
analyze and detect small changes. ELISA was already proven to be a highly sensitive

method and was therefore used to analyze anti-PEG IgG in the protein corona.
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4.3.1 NC properties

SINC and PS-NPs were synthesized and PEGylated using the non-covalent PEG-based
surfactant Lutensol®.% Via this approach, it is feasible to compare the same NC batch with
or without PEGylation and vary the PEG chain length and density systematically without
influencing any other physicochemical parameters. For all NCs, the PEG chain molecular
weights varied between ~1,000 — 4,000 g mol™. We chose this particular chain length
as it is a typical one used for nanocarrier stabilization (2,000 — 3,000 g mol™),
yielding an ideal steric stabilization. For example, the currently applied COVID-19
vaccines exhibit PEG chains of this length.?! Table 3 shows transmission electron
microscopy (TEM) micrographs and physicochemical characterization data for all SINC
samples investigated in this study. The NC size (hydrodynamic diameter Dp) was
determined from multiangle dynamic light scattering (DLS) and ranges between 148 and
212 nm for all SiNCs. Table 4 shows physicochemical characterization data for all PS-NP
samples. The PS-NP size determined from DLS ranges between 171 and 187 nm. The zeta
potential is related to the net surface charge of the NCs. As expected, the zeta potential for
all PEGylated NCs was slightly negative, while SiNCs with CTMA-CI exhibited a positive
zeta potential.
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4.3 Detection of anti-PEG antibodies in the protein corona

Table 3. Characterization of silica nanocarrier systems regarding morphology and physicochemical
properties.

SiINC-CTMA-CI SiNC PEG n=25 medium SiNC PEG n=50 low

Surfactant Cetyltrimethylammonium Lutensol® AT25 Lutensol® AT50
chloride (CTMA-CI)
n(Lutensol®) / mol 2.85 x10° 1.42 x10®
Mw PEG / g mol! 1,230 2,460
Dn (PDI) / nm 262 + 65 (0.13) 231 +39 (0.14) 153 +3(0.11)
Zeta potential/ mV +13+1 2+1 5=+1
SiNC PEG n=50 medium SiNC PEG n=50 high SiNC PEG n=80 medium

Surfactant Lutensol® AT50 Lutensol® AT50 Lutensol® AT80
n(Lutensol®) / mol 2.85 x10 5.70 x10° 2.85 x10°
Mw PEG / g mol* 2,460 2,460 3,940

Dh (PDI) / nm 212 + 47 (0.25) 164 + 8 (0.23) 207 + 34 (0.35)
Zeta potential / mV 7+1 9+1 7+1
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Table 4. Characterization of polystyrene nanoparticle systems regarding morphology and
physicochemical properties.

PS-NP PEG n=25 PS-NP PEG n=50 PS-NP PEG n=80

Z0am |
Surfactant Lutensol® AT25 Lutensol® AT50 Lutensol® AT80
n(Lutensol®) / mol 2.85x10” 2.85 x10” 1.42 x10°
M,, PEG / g mol ™ 1,230 2,460 3,940
D, /nm 17111 174+ 11 187 + 16
Zeta potential/ mV 5+1 5+1 4+1

4.3.2 Protein corona analysis

We prepared the protein corona using undiluted pooled human plasma and determined the
anti-PEG antibody level in this plasma batch by ELISA. The detected anti-PEG IgG
concentration was 9.6+ 0.8 pugmL™?, which corresponds to 0.06% of the total
immunoglobulins found in this plasma batch (Table 5). We analyzed the protein corona
using different methods to establish the overall protein concentration by Pierce assay and
the detailed protein composition in the protein corona by LC-MS. Results for SiNCs can
be found in Table 5 and Figure 19 and results for PS-NPs in Table 6 and Figure 20.

All PEGylated NCs show a similar protein composition with lipoproteins as their most
abundant protein, especially apolipoprotein Al for the SiNCs and clusterin for the PS-NPs
were enriched. Those are known as stealth proteins and are often enriched on PEGylated
NCs.%": %8
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Table 5. LC-MS identification of proteins found on SiNCs with different stabilization. Proteins
were grouped according to function and pure pooled citrate plasma is shown as a reference. Values
are represented in % based on all identified proteins. The protein group with the highest abundance
was highlighted in grey. LC-MS analysis was performed by R. da Costa Marques.

plasma

PEGn=50 PEGn=50 PEGn=50 PEGn=25 PEG n=80

(reference) CTMAC low medium high medium  medium
Acute Phase 6.03 0.01 0.06 0.13 0.21 0.09 0.04
Coagulation 4.39 79.62 7.58 13.63 13.74 6.18 10.52
Complement 4.54 2.65 1.33 2.58 1.84 2.87 2.54
Immunoglobulins 25.28 1.87 2.41 2.44 2.70 1.34 2.52
Lipoproteins 1.57 8.99 56.12 67.35 63.95 79.72 72.25
Other Plasma Components 7.84 1.63 5.53 2.95 3.63 1.36 2.53
Serum Albumin 50.06 1.14 14.61 1.24 1.70 0.29 0.79
Tissue Leakage 0.30 4.10 12.36 9.67 12.24 8.16 8.81
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Plasma CTMA-CI PEG n=50 PEG |_1:50 PEG_ n=50 PEG |_'|:25 PEG |_1:80
low medium high medium medium

Alpha-2-HS-glycoprotein 0.62 0.24 0.05 0.07 0.05 0.12 0.08
Apolipoprotein A-l 0.69 3.34 36.68 35.95

Apolipoprotein A-1V 0.06 033 1.02 144 1.32 166 135
Apolipoprotein B-100 0.18 0.36

Apolipoprotein E 0.00 3.74 470 5.30 449 463
Carnitine O-palmitoyltransferase 2_ mitochondnal 0.00 0.12 3.85 1.23 262 0.24 0.99
Clusterin 0.16 0.56 2.00 4.25 2.21 0.13 2.00
Complement C3 063 0.41 0.08 0.10 0.06 0.05 012
Fibrinogen alpha chain 0.84 14.96 0.00 0.07 0.02 0.05 0.03
Fibrinogen beta chain 0.87 14.65 0.01 0.13 0.04 0.04 0.03
Fibrinogen gamma chain 1.65 31.74 0.34 0.96 0.99 0.51 0.41
Histidine-rich glycoprotein 0.07 0.09 0.62 0.77 1.79 0.27 252
Immunoglobulin gamma-1 heavy chain 0.33 070 0.36 058 011 0.30
Immunoglobulin heavy constant alpha 1 . 0.24 0.29 0.34 0.40 0.15 0.32
Immunoglobulin heavy constant gamma 3 0.26 0.01 0.14 0.05 0.06 0.04
Immunoglobulin heavy constant mu 0.17 0.26 0.35 0.42 0.37 0.47
Immunoglobulin kappa constant 0.53 0.83 0.90 0.97 0.39 0.96
Immunoglobulin lambda constant 0.34 0.32 0.35 0.27 0.25 042
Immunoglobulin lambda-like polypeptide 0.34 0.32 0.35 0.27 0.25 0.42
Kininogen-1 4.39 _ 3.1 4.57
Plasma protease C1 inhibitor 1.48 0.54 0.97 0.77 1.94 1.22
Plasminogen 339 073 1.25 133 072 098
Serofransferrin . 0.45 1.12 0.87 0.88 0.42 0.89
Serum albumin 1.14 1.24 ] 0.29 0.79

Vitronectin 1.0 1.47 1.33 1.92 2.02 1.60

Figure 19. LC-MS identification of proteins found on SiNCs with different stabilization. Heatmap
indicating the most abundant proteins (Top 25) in the pure plasma (reference) and protein corona.
Values are represented in % based on all identified proteins. LC-MS analysis was performed by R.
da Costa Marques.
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Table 6. LC-MS identification of proteins found on PS-NP with different stabilization. Proteins
were grouped according to function and pure pooled citrate plasma is shown as a reference. Values
are represented in % based on all identified proteins. The protein group with the highest abundance
was highlighted in grey. LC-MS analysis was performed by R. da Costa Marques.

plasma PEGN=25  PEGn=50  PEG n=80
(reference)

Acute Phase 6.03 0.34 0.48 0.49

Coagulation 4.39 0.55 0.60 0.94

Complement 4.54 0.22 0.26 0.61

Immunoglobulins 25.28 1.80 1.84 3.48

Lipoproteins 157 64.04 63.66 74.86

Other Plasma Components 7.84 0.23 0.50 0.66

Serum Albumin 50.06 0.87 0.75 1.55

Tissue Leakage 0.30 31.95 31.92 17.40

PEG n=25 PEGn=50 PEG n=80
Alpha-1-antitrypsin 0.09
Apolipoprotein A-l 8.038
Apolipoprotein A-ll 0.18 0.39
Apolipoprotein A-1V 1.41 1.95
Apolipoprotein B-100 1.53 0.94
Apolipoprotein C-llI 077 222
Apolipoprotein E 240 1.66
Clusterin

Heterogeneous nuclear ribonucleoprotein A3 1271 516
Immunoglobulin kappa constant 0.6¢ 1.46
Immunoglobulin mu heavy chain 0.45 077
Phospholipid transfer protein 1.34 0.67
Serum albumin 0.87 1.55
Serum paraoxonase/arylesterase 1 0.57 0.38
Squamous cell carcinoma antigen recognized by T-cells 3 072 1.03
Transthyretin 0.07 0.26
Tudor domain-containing protein 10 6.15 242
U4/UB.U5 tri-snRNP-associated protein 1 443 1.70
Vitronectin 0.78 1.59
Zinc finger protein basonuclin-2 6.10 458

Figure 20. LC-MS identification of proteins found on PS-NP with different stabilization. Heatmap
indicating the most abundant proteins (Top 20) in the protein corona. Values are represented in %
based on all identified proteins. LC-MS analysis was performed by R. da Costa Marques.
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4.3.3 Anti-PEG antibody quantification

We used flow cytometry as the first method to detect changes in anti-PEG 1gG
concentration in the protein corona. A secondary antibody binds to the F¢ part of anti-PEG
IgG in the protein corona and can be fluorescently quantified with flow cytometry. The
detailed method is described in chapter 5.5.4 and the median fluorescence intensity (MFI)
and percent of fluorescence positive events can be seen in Figure 21. The protein corona
was formed using plasma samples with a low, medium, and high anti-PEG 1gG
concentration, the same samples were used for the cell uptake and are explained in more
detail in chapter 4.4.1. Additionally, two different amounts of secondary antibody were
tested. To detect anti-PEG IgG in the protein corona a fluorescently labeled secondary anti-
human IgG antibody was used. This secondary antibody is not specific to anti-PEG 1gG in
the protein corona but to all IgG. Still, increasing 1gG concentrations could be detected
with this method, which also correlates to an increasing anti-PEG 1gG concentration in the
protein corona. Overall, there was more 1gG detected in the sample with high anti-PEG IgG
concentration. Nevertheless, it is only a qualitative measurement. It cannot be used to
quantify anti-PEG IgG concentration in the protein corona but it was possible to see a trend.
A different method is necessary to quantify anti-PEG antibody concentration in protein

corona.
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Figure 21. Flow cytometry results to analyze anti-PEG IgG in the protein corona on SiNCs (NPs).
Protein corona was prepared with different amounts of anti-PEG IgG in the plasma (low, medium,
and high) and two different amounts of secondary antibody (AB). (a) Median fluorescence intensity
(MF1), (b) percent of fluorescence positive events.
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Next, ELISA was used to measure the anti-PEG 1gG concentration in the protein corona
samples. Figure 22 shows the scheme of protein corona analysis and the corresponding
results of SINCs. For a more detailed comparison, the fraction of anti-PEG IgG antibodies

of the total immunoglobulin concentration is displayed in Figure 22c.

The overall determined protein amount was similar for all PEGylated SiNCs, as expected
from the general effect of PEGylation, while SINC-CTMA-CI showed a significantly
higher number of adsorbed proteins. Additionally, we detected a slightly higher
concentration of immunoglobulins in the protein corona of CTMA-CI stabilized NCs. In
contrast, PEGylated NCs exhibited the highest concentration and fraction of anti-PEG IgG
in the protein corona. We observed no significant difference in anti-PEG IgG fraction in
the protein corona derived from NCs with a PEG chain length of n=50 or n=80 PEG
repeating units and a medium or high surface density. In contrast, a lower surface density
of PEG led to a slight decrease of anti-PEG IgG fraction in the protein corona. This was
even more noticeable when a shorter PEG chain length (n=25 repeating units) was present
on the NC surface.

This trend agrees with the determined binding affinities as mentioned before, which
increased with longer PEG chains. In general, anti-PEG IgG is enriched in the protein
corona of PEGylated NCs compared to non-PEGylated NCs or human plasma. Our results
indicate that a certain density and chain length was necessary for a “saturation” of the
protein corona with anti-PEG antibodies. Afterwards, higher density or longer chain length

did not lead to increased binding of anti-PEG antibodies.

Interestingly, even the CTMA-CI NCs showed a slight enrichment of anti-PEG 1gG
compared to plasma levels. It is not clear what the reason for this enrichment is, but it might
be related to the charge of the NCs. It is known that especially charged surfaces induce
interactions with immunoglobulins, but so far this effect was not investigated on the level

of specific antibodies.*” %
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Figure 22. Investigation of anti-PEG IgG presence in the protein corona of SiNCs. Values are mean
values with a standard deviation of three replicates. (a) Scheme of protein corona preparation and
analysis (b) Protein concentration in the protein corona depending on the presence of PEG on the
SiNC surface, for a normalized NC surface area of 0.05 m? per sample. Purple: overall protein
concentration of all plasma proteins as analyzed by a Pierce assay, blue: total immunoglobulin
concentration as analyzed with LC-MS (percentage of total proteins converted to concentration
based on Pierce assay), cyan: anti-PEG 1gG concentration analyzed by ELISA. (c) Fraction of anti-
PEG IgG concentration compared to the total concentration of immunoglobulins. The analysis of
variance (ANOVA) one-way test was used for statistical analysis yielding ***p < 0.001,
corresponding to the difference between CTMA-CI and PEG-stabilized NCs.

The protein corona of PS-NPs was analyzed the same way. However, the detached protein
corona could not be examined regarding the anti-PEG IgG concentration as before. The
samples showed a generally low absorbance (around LOQ) and low competition (<35%).
The competition needs to be >35% to confirm specific binding and exclude random

absorbance.




4.3 Detection of anti-PEG antibodies in the protein corona

Multiple variables were changed to optimize the measurement as it can be seen in Table 7.
First, we suspected the anti-PEG 1gG concentration to be too low to measure. Therefore,
we used higher concentrated protein corona samples. The protein concentration did not
seem to be the issue, but other substances might have been influencing the analysis. To
examine the influence of the detergents like sodium dodecyl sulfate (SDS) and Lutensol®,
SDS was removed before the ELISA analysis. Additionally, an alternative protein
detachment with urea/thiourea was tested. Potentially free Lutensol® was removed by
centrifugation before protein corona preparation. After excluding SDS and Lutensol® from
the suspect list, we tested covalently PEGylated PS-NPs. The absorbance in the ELISA
measurement was above LOQ and therefore sufficient to analyze, but the competition was
still below 35%. Lastly, we spiked the protein corona samples with a known amount of
anti-PEG IgG right before the ELISA analysis. The results can be seen in Figure 23a. Still,
no increase in absorbance could be detected. In comparison, the expected increase in the
absorbance could be seen for the protein corona of SiNCs, when spiking with anti-PEG
IgG was performed (Figure 23b). We also treated pure plasma the same as the protein
corona formation (centrifugation, addition of SDS, heating) but it was still possible to

analyze and the spiking with anti-PEG standard showed an increase in absorbance.

In summary, PS-NPs seem to behave differently than SiNCs and affect the protein corona
more than expected. Maybe PS residues prohibited the ELISA measurement. Further
analysis is necessary, also with different particle systems, to obtain a better understanding

of how the NP material influences the protein corona and subsequent ELISA measurement.

Table 7. Changed variables to optimize ELISA measurements for the analysis of anti-PEG 1gG
after protein detachment on PS-NPs. X means tested and failed.

Absorbance below Competition
LOQ <35%
Higher concentrated protein corona samples X X
SDS removal before ELISA X X
Alternative detachment with urea/thiourea X X
Removal of potentially free Lutensol® before protein corona preparation X X
Covalently PEGylated PS-NPs X
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Figure 23. ELISA measurements of the protein corona. Normal protein corona samples and
addition of anti-PEG 1gG standard directly before the ELISA measurement. (a) Protein corona on
non-covalently PEGylated PS-NPs (PEG n=25, 50 and 80) and covalently PEGylated PS-NPs
(PEG2k and PEG5k) (b) protein corona non-covalently PEGylated SiNCs. Red arrows indicate
increase in absorbance with the addition of anti-PEG IgG standard.

4.3.4 Conclusion

To study the anti-PEG antibody presence in the protein corona of PEGylated particles,
SINCs, and PS-NPs were synthesized. They were PEGylated with the non-covalent PEG-
based surfactant Lutensol® to compare the same NC batch with or without PEGylation and

vary the PEG chain length and density systematically.

The protein corona was analyzed using a Pierce assay and LC-MS to determine the overall
protein content and composition. As expected, the PEGylated NCs showed an enrichment

in stealth proteins like apolipoprotein Al (SINCs) and clusterin (PS-NPs).

It was possible to analyze the protein corona regarding the anti-PEG antibody content with
flow cytometry, but this is only a qualitative measurement. ELISA can be used to quantify
the anti-PEG antibody concentration in the detached protein corona. The analysis of the
protein corona on SiNCs revealed an enrichment of anti-PEG IgG on PEGylated SiNCs
compared to non-PEGylated. In the protein corona of PS-NPs anti-PEG IgG could not be
detected with ELISA. Here, further investigation into the influence of the NC material is
still needed.
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4.4 Effect of anti-PEG antibodies in the protein corona on cell

uptake

The following chapter 4.4.2 is based on the submitted manuscript “Anti-PEG antibodies
enriched in the protein corona of PEGylated nanocarriers impact the cell uptake”. For the

thesis, this chapter was extended with additional experiments and details.

PEGylation in general often leads to a decrease of unspecific protein adsorption and
enrichment of stealth proteins like clusterin, which in combination helps to reduce
unspecific cellular uptake.>® The results of the protein corona analysis revealed that anti-
PEG IgG was enriched in the protein corona of PEGylated SiNCs, which was not yet
reported for any NC system. We monitored the cellular uptake in RAW 264.7 (murine) and
THP-1 (human) macrophages of PEGylated SiNCs with varying amounts of adsorbed anti-
PEG antibodies to further investigate the consequences of anti-PEG antibodies in the
protein corona. We only used SiNCs to monitor the cell uptake because the protein corona
on PS-NP was not possible to characterize with ELISA (see chapter 4.3.3), but we expect

a similar behavior for both NC systems.

4.4.1 Defined protein corona

To analyze the effect of anti-PEG antibodies in the protein corona on cell uptake, we chose
one NC system and varied the anti-PEG antibody concentration in the protein corona. We
used SiNCs with a medium PEG chain length (n=50) and density because they showed the
highest fraction of anti-PEG antibodies in the protein corona compared to non-PEGylated
SiNCs. Plasma samples from the plasma screening were selected and pooled to obtain
plasma batches with systematically pre-determined anti-PEG IgG concentrations. We
pooled 5 plasma samples each with a resulting low (<0.5 pg mL™?), medium (9.6 ug mL™Y),
and high (110.5 pg mLY) anti-PEG 1gG concentration. We used these pooled plasma
samples to form the protein corona with a varied presence of anti-PEG IgG together with a
sample containing the protein corona formed from pure anti-PEG IgG as a positive control.
For anti-PEG IgG, a protein concentration roughly equivalent to the “high” anti-PEG 1gG
concentration (120 pg mL™1) was chosen for incubation.
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4.4.2 Uptake in RAW macrophages and THP-1 cells

After protein corona formation, the SINCs were incubated with both macrophage cell lines.
The schematic setup for the protein corona formation and cell uptake can be seen in
Figure 24a. We investigated their cellular uptake in terms of percent of fluorescence
positive cells (Figure 24b, d) and median fluorescence intensity (MFI) (Figure 24c, e).
The results from the MFI measurement show a trend similar to the fluorescence positive

cells although not as noticeable.

In RAW 264.7 macrophages, the cellular uptake steadily increased with increasing anti-
PEG 1gG concentration in the protein corona, referring to the fraction of fluorescence
positive cells. In particular, the uptake of NCs with only anti-PEG IgG in the protein corona
was significantly higher than those NCs with very little anti-PEG 1gG present. The general
uptake in human THP-1 macrophages was similar to RAW 264.7. The uptake of NCs with
pooled plasma containing different concentrations of anti-PEG IgG displayed only a very
slight increase with anti-PEG 1gG concentration; whereas the uptake doubled when the
protein corona was formed only from anti-PEG IgG. These results are in good agreement
with the generally increased uptake in macrophages of NCs with a high concentration of
immunoglobulins in the protein corona. It is known that 1gG enrichment in the protein
corona can lead to significantly increased uptake in macrophages via Fc-receptor-mediated
endocytosis.*® Therefore, we performed Fc-receptor blocking experiments to evaluate this
uptake mechanism. Anti-CD16, anti-CD 32, and/or anti-CD 64 were added before
incubation of cells with NCs (Figure 25). The receptors CD16/32 (binding aggregated 19G
with low affinity for the ligand'®®) and CD 64 (binding monomeric IgG with high affinity
for the ligand'®!) were either blocked individually or all three were blocked at the same
time. In RAW 264.7 macrophages, blocking all Fc-receptors led to significantly lower
uptake of NCs with high anti-PEG IgG concentration or only anti-PEG 1gG in the protein
corona. In THP-1 cells, the uptake after blocking was slightly decreased, especially when
CD64 was blocked. This agrees with previous studies including F¢ blocking in THP-1 cells,
highlighting that human macrophages are more complex than mouse macrophages and
various uptake mechanisms are probably involved.*® Further investigations together with
the examination of other human cell lines and in vivo experiments will be necessary in the

future to evaluate the uptake mechanisms.
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Figure 24: Cellular uptake of SiNCs coated with proteins including an increasing concentration of
anti-PEG IgG. Values are mean values with standard deviation of three biological replicates. The
analysis of variance (ANOVA) two-way test was used for statistical analysis yielding *p < 0.05,
***p < 0.001, corresponding to the individual types of protein corona. (a) Schematic overview of
the experimental scheme. (b, c) Uptake in murine RAW264.7 macrophages, displayed in % of
fluorescence positive cells and median fluorescence intensity (MFI). (d, e) Uptake in human THP-
1 macrophages, displayed in % of fluorescence positive cells and median fluorescence intensity
(MFI). For the negative control, only cells without any addition of NCs were measured.
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Figure 25: Fc blocking experiments of SiNCs with protein corona including an increasing
concentration of anti-PEG IgG. Plasma samples with a low (<0.5 pg mL?), medium (9.6 pg mL™2),
and high (110.5 ug mL) anti-PEG IgG concentration were used for the protein corona preparation.
Additionally, pure anti-PEG IgG was used as a positive control. For the negative control, only cells
without any addition of NCs were measured. CD16/CD32 (binding aggregated 1gG with low
affinity for the ligand) and CD64 (binding monomeric IgG with high affinity for the ligand)
receptors were either blocked individually or all three at the same time. Uptake at 4 °C in murine
RAW264.7 macrophages, displayed in % positive cells (a) and median fluorescence intensity (MFI)
(b). Uptake at 4 °C in human THP-1 macrophages, displayed in % positive cells (c) and median
fluorescence intensity (MFI) (d). Values are mean values with standard deviation of three biological
replicates. The analysis of variance (ANOVA) two-way test was used for statistical analysis
yielding *p < 0.05 corresponding to blocked/unblocked receptors.
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Further, we evaluated the cytokine response in RAW 264.7 (Figure 26). Cytokine testing
was performed by Dr. Michael Fichter (MPI-P/University Medical Center). Cytokines are
soluble polypeptides and play an important role in immunological reactions and in
inflammatory processes. They are distinguished between pro- and anti-inflammatory
cytokines. %2 All SiNC systems showed a similar, low cytokine response, especially when
compared to the positive control. The most important cytokine for macrophage activation
is IFN-y produced by TH1 cells.!% This exhibited a low secretion throughout all samples.
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Figure 26: Quantification of cytokine secretion by RAW 264.7 macrophages. Cell culture
supernatants were collected 2 h following coincubation with 75 ug mL*NC and 5 pL per sample
was used for cytokine quantification performed using a multiplex protein quantification assay.

Overall, as anti-PEG quantities increased in the corona, an enhanced cell uptake in mouse
and human macrophages was detected. In general, IgG acts as an opsonin, meaning when
present in the corona it promotes the internalization of NCs into phagocyting cells.'®
Accordingly, our observed increased uptake in macrophages might not be anti-PEG
antibody specific, but a general result of an increased presence of immunoglobulins in the
protein corona. Due to sensitivity reasons, we were not able to analyze the presence of IgM
in the protein corona and its consequences for cellular uptake. However, we expect a similar
trend but with generally lower concentrations. Many studies reported that anti-PEG

antibodies can be elicited by PEGylated drugs or drug delivery systems and are therefore
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likely to be responsible for accelerated blood clearance.'®1%” This described anti-PEG
antibody response was found to be predominately IgM related for empty PEGylated
liposomes and IgG related for PEGylated proteins or lipid NCs with encapsulated
nucleotides.%110 Both antibody classes can efficiently activate the complement system via
different pathways and subsequently promote phagocytosis and clearance.!® ™ As already
mentioned, rare cases of anaphylaxis following COVID-19 vaccine administration have
been reported.!! In contrast to complement system activation, anaphylaxis is usually IgE-
mediated.'? Zhou et al. recently developed a bead assay to determine anti-PEG IgG, IgM,
and IgE.1*3 They reported PEGylated drug-associated anaphylaxis was due to specific anti-
PEG IgE-mediated type 1 hypersensitivity. Due to the low concentration of anti-PEG IgE
in the plasma and the limitation of the ELISA setup, it has not been possible to analyze
anti-PEG IgE concentration so far. In the future, it would be extremely interesting to
examine also IgE plasma levels and evaluate the interaction of IgE with PEGylated NCs.

Following our results, the existence of anti-PEG antibodies in the bloodstream needs to be
considered when designing NCs. Their presence in the protein corona of PEGylated NCs
may well mitigate the stealth effect of PEG, leading to higher uptake in macrophages and
additionally inducing unwanted side effects as mentioned above.

The composition of the protein corona depends on various factors - primarily the physico-
chemical properties of the NCs. Many researchers attempt controlling the composition of
the proteins adsorbed to NCs to prevent clearance by immune cells.!* To obtain further
insight into the role of anti-PEG antibodies and generalize their effect, additional
PEGylated and unPEGylated NC systems need to be investigated. Due to the high
concentration of anti-PEG antibodies in the blood stream, they might also accumulate non-
specifically in the protein corona. Thus, it is also of great interest to explore more widely
which antibody types are found among the immunoglobulins in the protein corona.
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4.4.3 Conclusion

We monitored the cellular uptake in RAW 264.7 (murine) and THP-1 (human)
macrophages of PEGylated SiNCs to analyze the effect of anti-PEG antibodies in the
protein corona on cell uptake. In RAW 264.7 macrophages, the cellular uptake steadily
increased with increasing anti-PEG IgG concentration in the protein corona. The uptake in
human THP-1 macrophages was similar to RAW 264.7, especially the uptake doubled
when the protein corona was formed only from anti-PEG IgG.

The Fc-receptor blocking experiments revealed a significantly lower uptake of NCs with
high anti-PEG IgG concentration in the protein corona. This effect was more prominent in
RAW 264.7 than in THP-1 macrophages.
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5 Experimental

5.1 Materials

All plasma samples were obtained from the Transfusion Medicine Department at the
University Medical Centre of the Johannes Gutenberg University Mainz. Blood samples
for the plasma screening were collected from 500 healthy donors after obtaining informed
consent. All experiments containing human blood plasma from these donors were approved
by the ethics committee of the Landesarztekammer Rheinland-Pfalz, Mainz No. 2019-
14748. To obtain pooled plasma for protein corona formation, blood was taken from 10
healthy donors after obtaining informed consent and pooled subsequently. All experiments
containing human blood plasma from these donors were approved by the ethics committee
of the Landesérztekammer Rheinland-Pfalz, Mainz No. 837.439.12 (8540-F). Accordingly,
all experiments involving human material were performed in compliance with all relevant

laws and guidelines.

After collection, the citrate plasma (either individual samples or pooled plasma) was
centrifuged at 20,000 g for 1 h at room temperature to remove residual protein precipitates
and stored at -80 °C until further use.

5.1.1 Proteins and cell uptake reagents

Chimeric human anti-PEG 1gG (clone no. ¢3.3 IgG) and chimeric human anti-PEG IgM
(clone no. cAGP4-1gM) were purchased from IBMS Academia Sinica (Taipei, Taiwan) and
used without further purification. Anti-Human 1gG (Fc specific) — peroxidase antibody,
HRP-conjugated goat F(ab’), antihuman IgM Fcs,, For the cell uptake, Dulbecco Modified
Eagle Medium (DMEM, Gibco, USA), Roswell Park Memorial Institute (RPMI)-1640
(Gibco, Germany), fetal bovine serum (FBS, Gibco, Germany), penicillin (Gibco,
Germany), streptomycin (Gibco, Germany), glutamine (Gibco, Germany), phorbol-12-
myristate-13-acetate (PMA) (Sigma-Aldrich, Germany), trypsin (Gibco, Germany),
Zombie Aqua (BiolLegend, USA), anti-CD64, CD16, and/or CD32 (BiolLegend, USA)
were used. Sodium dodecyl sulfate (SDS, SERVA Electrophoresis GmbH, Germany),

65



5.1 Materials

tris(hydroxymethyl)aminomethane hydrochloride (Tris*HCI), Pierce 660 nm Assay
(Thermo Scientific, Germany), bovine serum albumin (BSA, Serva, Germany) were used

as received for protein corona experiments.

5.1.2 Other reagents

Poly(ethylene glycol) diamine (average Mn = 10,000 g mol™?) and poly(ethylene glycol)
(average M, = 10,000 g mol™?) were acquired from Sigma-Aldrich, USA. Dulbecco's
phosphate buffered saline (PBS, Thermo Fisher Scientific, USA), skim milk powder (VWR
International, USA), 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS, Merck, Germany), 2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS, Merck, Germany) and QuantaBlu Fluorogenic Peroxidase Substrate Kit (Thermo
Fisher Scientific, Waltham, USA) were further used for assay experiments. Methoxy-
terminated poly(ethylene glycol)-fluorescein (2k, 5k, 10k, 20k) (Creative PEGWorks,
USA) and fluorescein isothiocyanate-dextran (Sigma-Aldrich, USA) were purchased for
binding studies. Tetraethoxysilane (TEOS, 98%, Alfa Aesar, Germany), hexadecane (98%,
TCI, Germany), olive oil (highly refined, low acidity, Sigma-Aldrich, USA), and
cetyltrimethylammonium  chloride (CTMA-CI, Acros Organics, 99%), (3-
aminopropyl)triethoxysilane (APTES, 99%, Sigma-Aldrich, USA), amine-reactive
fluorescent dye Cyanine5 NHS ester (Cy5-NHS, Lumiprobe GmbH, Germany), Lutensol®
AT50 (poly(ethylene glycol)-hexadecyl ether) (BASF SE, Germany), Lutensol® AT25
(BASF SE, Germany) and Lutensol® AT80 (BASF SE, Germany), 2,20-azobis(2-
methylbutyronitrile) (V59, Wako Chemicals), freshly distilled styrene (Acros Organics,
USA) were used for NC synthesis.
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5.2 Methods and Instrumentation

5.2.1 Enzyme linked immunosorbent assay (ELISA)

The ELISA experiments were performed based on a previously published procedure from
Chen et al.}” Chimeric human anti-PEG IgG (clone no. ¢3.3 1gG) was used as a standard.
Maxisorp 96-well microplates (Thermo Fisher Scientific, Waltham, USA) were coated with
0.5 ng NH2-PEGa10000-NH2 in 50 uLL 0.1 M NaHCO3/Na>COs buffer (adjusted to pH 9.5)
per well overnight at 4 °C. Afterwards, the content of the wells was discarded and the well
blocked with 200 uL of 5% (w/v) skim milk powder in Dulbecco’s phosphate-buffered
saline (PBS, Thermo Fisher Scientific) per well at room temperature for 2 h. Plates were
washed once with 100 pL PBS per well immediately before use. In wells where no
competition took place, 50 pL of 2% (w/v) skim milk in PBS was added. The wells were
incubated for 30 min at room temperature. For each sample (including standards), 60 pL of
the sample were diluted with 120 uL of 2% (w/v) skim milk in PBS (33%-dilution). 50 uL
of these 33%-diluted samples were added to the respective well and incubated for 1 h at
room temperature. Unbound antibodies were removed by washing the plates twice with
0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) in PBS
and once with pure PBS. Afterwards, 50 pL of anti-human lgG-peroxidase antibody
(0.25mg L in 2% (w/v) skim milk in PBS, Fc-specific) was added to each well and
incubated for 1 h at room temperature. The content of the wells was discarded, and each
well was washed four times with 100 puL. 0.1% (w/v) CHAPS in PBS and once with 100 uLL
pure PBS. Then, 100 pL ABTS substrate was added per well and incubated for 30 min in
the dark. The absorbance was measured at A =405 nm in a microplate reader (Tecan infinite
M1000 plate reader, Switzerland).

For the competition experiment, the well plate was prepared as described. After blocking
with skim milk for 2 h, 50 pL of poly(ethylene glycol) (5 g L in 2% (w/v) skim milk in
PBS) was added to the wells and incubated for 30 min. Afterwards, the same procedure

was followed.

The analysis of anti-PEG IgM was performed accordingly. Chimeric human anti-PEG IgM
(clone no. cAGP4-IgM) was used as a standard in black maxisorp 96-well microplates.
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(HRP)-conjugated goat F(ab')> antihuman IgM Fcs, was used as secondary antibody.
QuantaBlu Fluorogenic Peroxidase Substrate Kit (Thermo Fisher Scientific, Waltham,
USA) was used according to the manufacturer’s instructions, and the fluorescence

measured at A = 325/420 nm in a microplate reader (Tecan infinite M1000 plate reader).

For the determination of the assay's limit of detection (LOD) and limit of quantification
(LOQ), ten blank samples (2% (w/v) skim milk in PBS) were measured. LOD was
calculated as the mean background absorbance of the blank samples plus three times its
standard deviation and LOQ was calculated as the mean background absorbance plus ten

times its standard deviation according to DIN 32645.

Positive responses were defined as samples with absorbance values greater than LOQ. The
relative concentrations of anti-PEG IgG or IgM in positive samples were calculated by
comparison with ¢3.3-1gG or cAGP4-IgM standard curves, respectively. Additionally, the
absorbance reading after the addition of PEGiok (competition experiment) needed to be
reduced by at least 35% as compared to the reading without the addition of PEG1ok to

confirm specific binding.

5.2.2 Microscale thermophoresis

The MST measurements were performed using a Nanotemper Monolith NT.115
(Nanotemper, Germany). The samples were analyzed in premium coated capillaries with a

blue excitation laser and medium MST power.

5.2.3 Fluorescence correlation spectroscopy

The FCS measurements were performed together with Dr. Kaloian Koynov at the Max
Planck Institute for Polymer Research (MPI-P, Mainz, Germany). The FCS measurements
were performed on a commercial setup (Carl Zeiss, Germany) consisting of the modules
LSM510, ConfoCor 2, and an inverted microscope model Axiovert 200 with a C-
Apochromat 40x, NA 1.2 water immersion objective. Either argon laser (488 nm excitation
wavelength) or HeNe laser (543 nm excitation wavelength) were used for excitation and

the emission was collected after filtering respectively with a BP500-550 or BP560-615 long

68



Experimental

pass filters. 8-well, polystyrene chambered cover glasses (Laboratory-Tek, Nalge Nunc
International) were used as sample cells. For each sample series of 15 measurements with
a total duration of 5 min were performed. As the radial dimension r0 of the confocal probing
volume is not known a priori it was determined by performing calibration experiments

using a fluorophore with a known diffusion coefficient in water, i.e. Alexa 488 or Rh6G.

5.2.4 Dynamic light scattering (DLS)

DLS measurements of SiNCs and PS-NPs were performed using an instrument from ALV
(Langen, Germany) consisting of an electronically controlled goniometer and an ALV-
5000 multiple t full-digital correlator with 320 channels having a measurement range
between 107 sand 10%s. A helium-neon laser (Type 1145 P) from JDS Uniphase (Milpitas,
USA) of 632.8 nm wavelength and 25 mV output power was used as a source of light.
Before measurements, samples were filtered into quartz cuvettes for light scattering from
Hellma (Mullheim, Germany) with an inner radius of 9 mm. Millex-SV filters (Merck

5.2.5 Transmission electron microscopy (TEM)

TEM micrographs were taken on an FEI Tecnai F20 transmission electron microscope
operated at 200 kV. Micrographs were taken using a 2k charge-coupled device camera from
Gatan (Type: Ultrascan 1000).

5.2.6 Zeta potential measurements

Zeta potential measurements were performed using a Nano Z Zetasizer (Malvern
Instruments GmbH, Herrenberg, Germany). 20 puL of the sample were diluted with 1 mL
of a 1 mM KClI solution and measured at 25 °C after two minutes of equilibration. Each
measurement was repeated in triplicate and mean values as well as standard deviations were

calculated.

Millipore, Billerica, USA) with 5 um pore size were used for filtration. Before use, the

quartz cuvettes were cleaned with acetone using a Thurmond apparatus.
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5.2.7 Pierce assay

The protein quantification of desorbed corona proteins was quantified with a Pierce 660 nm
Assay (Thermo Scientific, Germany) according to the manufacturer’s instructions. Bovine
serum albumin (BSA) was used as a standard (Serva, Germany). The absorption was

measured at 660 nm with a Tecan infinite M1000 plate reader.

5.2.8 Liquid chromatography-mass spectrometry (LC-MS)

Proteomic analysis was carried out as previously described.!*® Briefly, SDS was removed
from the protein samples via Pierce Detergent Removal Spin Columns (Thermo Fisher).
Further, proteins were precipitated using a ProteoExtract protein precipitation Kit
(CalBioChem, Merck, Germany) overnight. Afterwards, the protein pellets were isolated
via centrifugation (14 000 g, 10 min, 4 °C) and resuspended with RapiGest SF (Waters) in
ammonium bicarbonate buffer (50 mM). The protein solution was reduced with
dithiothreitol (Sigma-Aldrich) at a concentration of 5 mM for 45 min at 56 °C and alkylated
with 15 mM idoacetoamide (Sigma-Aldrich) for 1 h in the dark. Tryptic digestion
(protein : trypsin ratio 50:1) was carried out for 18 h at 37 °C. Afterwards, the reaction was

quenched with 2 pL hydrochloric acid (0.1 vol%, (Sigma Aldrich).

Tryptic peptides were diluted with 0.1% formic acid spiked with 50 fmol uL ! Hi3 E. coli
(Waters) for absolute protein quantification. The peptide solution was injected into a
nanoACQUITY UPLC system coupled to a Synapt G2-Si mass spectrometer. The system
was operated in resolution mode, with a NanoLockSpray source in positive ion mode. Data-
independent acquisition (MSE) experiments were performed, and data was analyzed with

MassLynx 4.1.

Proteins were identified with Progenesis GI (2.0) using a reviewed human database
downloaded from Uniprot. For analysis, the following criteria were chosen: max. protein
mass 600 kDa, one missed cleavage, fixed modifications for carbamidomethyl and
cysteine, variable oxidation for methionine, and a false discovery rate of 4%. Peptide
identification required three identified fragments and for protein identification, five
identified fragments and two peptides were needed. Based on the TOP3/Hi3 quantification,

the amount of each protein in fmol is provided.
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5.2.9 Flow cytometry

For flow cytometry experiments were performed on the Attune Nxt cytometer (Invitrogen,
Germany) with a 670 nm laser for excitation of Cy5-NHS-Ester (Cy5). The viability of the
cells was measured by staining with the viability dye Zombie Aqua (BioLegend, USA)
according to the manufacturer’s instructions, before the flow cytometry measurements. The

405 nm laser was used for the excitation of the Zombie Aqua dye.

5.3 Anti-PEG antibody quantification by ELISA

Human plasma samples were pre-diluted to 20%, 50%, 80%, or no dilution in 2% (w/v)
skim milk in PBS. Serial dilutions of chimeric anti-PEG antibodies ¢3.3-1gG in 2% (w/v)
skim milk powder in PBS were prepared starting from 8 ug mL™ to 0.5 pg mL?. Serial
dilutions of chimeric anti-PEG antibodies CAGP4-IgM in 2% (w/v) skim milk powder in
PBS were prepared starting from 5 pg mL™ to 0.05 ug mL™.
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5.4 Binding characterization of anti-PEG antibody to soluble PEG

5.4.1 Competitive ELISA

For the competition experiment, the well plate was prepared as described above. After
blocking with skim milk for 2 h, a dilution series of the competitor was added. PEGok,
PEG2k, MPEGiok, and mPEGsk were used, each starting with a concentration of 5 g L™ to
1.5x10* g L™ in 2% (w/v) skim milk in PBS. 50 uL was added to the wells and incubated

for 30 min. Afterwards, the same procedure was followed.

5.4.2 Microscale thermophoresis

For the MST measurements, a target solution (methoxy-terminated poly(ethylene glycol)-
fluorescein (MPEG-FITC)) and a ligand solution (anti-PEG 1gG) were prepared in PBS
buffer. The target was prediluted to twice the concentration used in the measurement
(Table 2). The obtained ligand concentration varied with a maximum concentration of
1500 pg mL™? (10 uM). The used ligand concentration in the measurement can be seen in
Table 2. A serial dilution of the ligand was prepared by mixing 10 pL PBS buffer with
10 uL ligand solution. This was repeated 15 times to obtain 16 different concentrations.
10 pL of target solution was added to each of the 16 samples and mixed by pipetting. The
solutions were transferred into premium-coated capillaries and analyzed with a blue

excitation laser and medium MST power.

5.4.3 Fluorescence correlation spectroscopy

For the FCS experiment, a stock solution of mMPEG:=k-FITC in 50 nM was prepared. Anti-
PEG ¢3.3-1gG was prepared in three concentrations (5 uM, 2.5uM and 0.5 uM) 25uL of
MPEGsk-FITC and anti-PEG ¢3.3-19G were mixed and analyzed. Additionally, the single

components were measured.
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5.5 Detection of anti-PEG antibodies in the protein corona

5.5.1 Synthesis of silica nanocapsules (SINCs)

SiNCs were synthesized by Dr. Shuai Jiang and Katja Klein (MPI-P) according to the
previously described procedure in an oil-in-water miniemulsion by using the surface of oil
nanodroplets as a template for the hydrolysis and condensation of alkoxysilanes.%
Specifically, 2.0 g (9.6 mmol) of TEOS was first mixed with 125 mg of hexadecane and
1 g of olive oil to form the oil phase. In the second step, 30 mL of a 0.77 mg mL ™ aqueous
solution of CTMA-CI was poured into the oil mixture while stirring. After a pre-
emulsification step by stirring at 1,000 rpm for 1 h, the obtained emulsion was sonicated
by using a Branson 450 W sonifier with a 1/2"” tip at 70% amplitude for 180 s (30 s of
sonication, 10 s of pause) with ice cooling. The resulting miniemulsion was stirred at
1,000 rpm for 12 h at room temperature to obtain an aqueous dispersion of SiNCs. For the
fluorescent labeling of SiINCs, Cy5-NHS was first coupled with APTES at a molar ratio of
1:1.1 to obtain fluorescently labeled silica precursors. The APTES-Cy5 conjugates were
then mixed with TEOS as the silica source. The molar ratio of Cy5 with TEOS was
1:14,000.

SiNCs were PEGylated by replacing the templating surfactant CTMA-CI with the nonionic
surfactant Lutensol® AT25, AT50, or AT80. Specifically, 35 mg, 70 mg, or 140 mg of
Lutensol® AT50 were added to 2 mL of SiNCs dispersion to obtain different PEG
densities. Accordingly, 39 mg Lutensol® AT25 or 108 mg Lutensol® AT80 was added to
2 mL of SiNCs dispersion. The dispersion was stirred at 1,000 rpm for 2 h and then dialyzed
against MilliQ water in a dialysis tube with a MWCO of 1,000 g mol™. In this case,
CTMA-CI (Mw = 320 g mol™) could diffuse through the dialysis membrane into the
aqueous dialysis medium while the Lutensol® AT25 (Mw = 1,230 g mol ) was kept inside.
Afterwards, the dialyzed dispersion was centrifuged at 12,000 g to remove the excess of
Lutensol® surfactant. The pellet was redispersed in water and the dispersion was stirred at
1,000 rpm for 24 h. The samples were stored at room temperature and protected from light

under constant agitation.
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5.5.2 Synthesis of polystyrene nanoparticles (PS-NPs)

Polystyrene NPs were synthesized by Katja Klein (MPI-P) using the miniemulsion
polymerization method as previously published.!® 117 Therefore, 200 mg of Lutensol
AT25, 50, or 80 were dissolved in 24 mL deionized water. Simultaneously, 98 mg of the
initiator V59 and 323 pL of hexadecane were dissolved in 6.6 mL of purified styrene. After
separate preparation of the two phases, they were combined and stirred for 1 h at room
temperature for pre-emulsification. Afterwards, the mixture was homogenized by
ultrasonication for 120 s at 90% intensity with a Branson W 450 digital sonifier (1/2”’ tip)
whilst cooled with an ice-water bath. The polymerization was then carried out for 16 h at
72 °C. Purification was achieved by centrifugation at 9,000 rpm for 1 h and resuspension

in water for 3 times.

5.5.3 Protein corona analysis

The protein source of pooled or individual human citrate plasma was used for the
experiments. For each sample, an aqueous NC suspension (0.05 m2 of NC surface area in a
total volume of 300 uL) was mixed in an Eppendorf-tube with 1 mL of the respective
plasma source. After an incubation period of 1 h, while shaking at a temperature of 37 °C,
the remaining free proteins were removed using centrifugation (always 20,000 g, for 1 h at
4 °C). The supernatant was discarded, and the pellet was resuspended in 1 mL of PBS. The
suspension was again centrifuged for 1 h at 20,000 g and 4 °C. These washing steps were
repeated in total three times. Before the last washing step, the suspension was transferred

into a new Eppendorf-tube.

After the last washing step of the corona preparation, the pellet was suspended in 100 puL
of a 0.0625 M Tris*HCI solution containing 2 wt% of SDS for protein detachment. The
suspension was incubated at 95 °C for 5 min and was centrifuged again for 1 h at 20,000 g

and 4 °C. The supernatant was further used for analysis.
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5.5.4 FACS for protein corona analysis

To detect changes in the anti-PEG IgG concentration in the protein corona we used flow
cytometry. The protein corona was formed as described above (chapter 5.5.3). PS-NPs with
Lutensol® AT80 were used as NCs and the same plasma samples as described in
chapter 5.6.1. After the last washing step, the suspension was redispersed in 1 mL PBS and
the NC concentration was confirmed via fluorescence calibration. For the flow cytometry
experiment, AF488 goat anti-human IgG secondary antibodies were used. The NC was
diluted to 10 pug mLtand 20 pL mixed with 1 pg or 0.5 pig secondary antibody respectively
analyzed with a 530 nm laser.

5.5.5 ELISA protein corona

For the measurement of protein corona samples, 120 pL of each sample was diluted with

240 pL of 2% (w/v) skim milk in PBS (33% dilution) and added to the wells as described.
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5.6 Effect of anti-PEG antibodies in the protein corona on cell

uptake

5.6.1 Protein corona preparation

For the protein corona preparation for cell uptake experiments, 5 plasma screening samples
of similar anti-PEG IgG concentration were each pooled to obtain batches of low
(<0.5 pg mL™?), medium (9.6 pg mL?), and high (110.5 pg mL™Y) anti-PEG IgG
concentration. The NC surface was normalized to a surface area of 0.0125 m? (in 75 pL
volume) and incubated with 250 pL of plasma for 1 h at 37 °C. The remaining free proteins
were removed using centrifugation (20,000 g, for 1 h at 4 °C). The supernatant was
discarded, and the pellet was resuspended in the appropriate cell culture medium with a

resulting NC concentration of 0.5 mg mL™.

5.6.2 Cell culture

The murine macrophage cells from the cell line RAW 264.7 were cultured in Dulbecco
Modified Eagle Medium (DMEM, Gibco, USA). The human cells from the cell line THP-1
were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium. Both were
supplemented with 10% fetal bovine serum (FBS), 100 U mL™* penicillin, 100 mg mL™*
streptomycin, and 2 mM glutamine (all from Gibco, Germany) at 37 °C with 5% CO: in an

incubator.

5.6.3 THP-1 macrophage differentiation

The human monocyte cell line THP-1 was differentiated into macrophages for 5 days prior
to the experiments with the NCs. On day 0 the cells were stimulated with 100 ng mL™* of
phorbol-12-myristate-13-acetate (PMA) (Sigma-Aldrich, Germany) and seeded at a density
of 200,000 cells per well in 24-well plates. After 2 days, the medium was changed to fresh
RPMI without PMA and the cells rested for the following 3 days before the experiment.
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5.6.4 Cell uptake experiments and flow cytometry measurements

For the cell uptake experiments, cells were seeded at a density of 150,000 cells per well in
24-well plates in cell culture medium with 10% FBS. After overnight incubation, the
medium was changed to serum-free medium. The cells were incubated in fresh serum-free
medium with the NC dispersions added at a concentration of 10 ug mL ™ to the cells for 2 h
(RAW 264.7) or 75 ug mL* for 2 h (THP-1) at 37 °C. RAW 264.7 macrophages tend to
show a high uptake behavior. To not overload the cells and see differences in the uptake, a

lower NC concentration was used as for THP-1 cells.

For flow cytometry experiments, adherent cells were washed with PBS, detached from the

culture vessel with 2.5% trypsin (Gibco, Germany), and measured as described above.

5.6.5 Cell blocking experiments with antibodies

For the cell blocking experiments, purified anti-CD64, CD16, and/or CD32 (BioLegend,
USA) were added to the cells at 1 pg mL ™t in fresh serum-free medium for 30 min at 4 °C
before the respective NC samples were added. After the incubation, the nanoparticles were

added to the wells, and the cells were incubated for 1 h at 4 °C.

5.6.6 Cytokine assay

For the cytokine assay, RAW 264.7 were seeded as described. After overnight incubation
and change of medium, the samples were added at a concentration of 75 pg mL™?. As
samples the NC dispersion with a low (<0.5 pg mL™), medium (9.6 ug mL), and high
(110.5 pg mLY) anti-PEG I1gG concentration were used. As positive control diABZI
(InvivoGen, France) was added. After 2 h incubation 5 uL per sample was used for cytokine

quantification performed using a multiplex protein quantification assay.
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6 Summary and Outlook

The objective of this thesis was to gain insights into the interaction of anti-PEG antibodies
with PEG. In more detail, we aimed to find out whether the anti-PEG antibodies enrich in
the protein corona of PEGylated nanocarriers and how their presence correlates with

cellular uptake.

First, we evaluated the anti-PEG antibody prevalence and concentration in the German
population. For this, we used ELISA, which has proven to be the most reliable method with
high sensitivity and specificity that could be confirmed by a competition assay. The
performed plasma screening on 500 plasma samples revealed a high prevalence of anti-
PEG antibodies in the German population. Overall, 83% of the samples were found to be
positive for either anti-PEG IgG, IgM, or both. The highest absolute concentration and most
variation were detected in the age group between 21-30 years. Both the prevalence and
concentration are inversely correlated with age. One explanation for the high prevalence
might be the casual exposure to PEG compounds in everyday products. It is important to
note that the plasma samples were from early 2019 before PEGylated Covid-19 vaccines
were approved and applied. Nowadays, the abundance of anti-PEG antibodies might be

even more widespread throughout the population.

To characterize the binding behavior of anti-PEG antibodies to free PEG, multiple methods
were used. First, we used competitive ELISA for a qualitative comparison of the binding
behavior of anti-PEG IgG to PEG with different chain lengths and end-groups. Our analysis
revealed a stronger binding to PEG1ok as compared to PEG2x. A more detailed analysis and
quantification of the binding strength could be achieved with microscale thermophoresis.
The Kq determined values were between 24-44 nM for the interaction with mPEGaiok or
MPEG2ok, Which represent a very strong binding. The analysis revealed a clear trend that
binding strength decreased with decreasing PEG chain length. Additionally, the binding
behavior for anti-PEG 1gG to mPEGsk was confirmed by FCS measurements.

After characterizing the binding of anti-PEG antibodies to soluble PEG, the influence on
the protein corona was investigated. Therefore, SINCs and PS-NPs were synthesized and
PEGylated with the non-covalent PEG-based surfactant Lutensol®. The protein corona was
formed using undiluted pooled human plasma and after detachment from the NCs analyzed
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with multiple methods. Pierce assay and LC-MS were used to determine the overall protein
content and composition. As expected, the PEGylated NCs showed an enrichment in stealth
proteins like apolipoprotein Al (SiNCs) and clusterin (PS-NPs). ELISA was used to
quantify the anti-PEG IgG concentration in the detached protein corona. The analysis of
the protein corona on SiNCs revealed enrichment of anti-PEG 1gG on PEGylated SiNCs
compared to non-PEGylated NCs. We expected the same results for PS-NPs, but here
further investigation on the influence of the NC material is still needed.

To analyze the effect of anti-PEG antibodies in the protein corona, we monitored the
cellular uptake of PEGylated SiNCs in murine and human macrophages. With increasing
anti-PEG 1gG concentration in the protein corona, the cellular uptake steadily increased in
both cell lines. Most prominent, the uptake in human THP-1 macrophages doubled when
the protein corona was formed only from anti-PEG IgG. This increased uptake is likely to

be not anti-PEG antibody specific but a general immunoglobulin effect.

So far, the enrichment in the protein corona and the following effect on the cellular uptake
was analyzed for anti-PEG IgG. We expect similar results also for other Ig classes.
Especially the analysis regarding anti-PEG IgM and IgE would be interesting. IgM
antibodies can effectively activate the complement system and promote phagocytosis, IgE
causes anaphylactic reactions and might be responsible for some reported severe reactions
to PEGylated NCs. We were not able to analyze their presence in the protein corona and
their consequences for cellular uptake yet, due to sensitivity limits. As it can be seen from
the results of the plasma screening, the concentration of anti-PEG IgM is one-tenth of that
of anti-PEG IgG, and accordingly a more sensitive analysis is needed to detect small
concentration differences in the protein corona. IgE is mainly cell bound and only in
extremely small amounts in the serum. Zhou et al. recently developed a bead assay to
determine anti-PEG 1gG, IgM, and IgE.*® They reported PEGylated drug-associated
anaphylaxis was due to specific anti-PEG IgE-mediated type 1 hypersensitivity. Due to the
low concentration of anti-PEG IgE in the plasma and the limitation of the ELISA setup, it
has not been possible to analyze anti-PEG IgE concentration so far. In the future, it would
be extremely interesting to examine also IgE plasma levels and evaluate the interaction of
IgE with PEGylated NCs.
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In conclusion, our results show that anti-PEG antibodies can accumulate in the protein
corona of PEGylated NCs and promote their uptake into macrophages. Thus, the stealth
effect of PEG is mitigated. These findings have significant implications regarding the use
and design of nanomedicines and contribute to further our understanding of nano-bio

interactions.

According to our results, it is important to monitor anti-PEG antibody prevalence in the
bloodstream and account for their existence in patients’ blood when designing new
nanocarrier-based therapeutics. Various strategies could be envisaged to minimize the
impact of anti-PEG antibodies in the protein corona. On the one hand, one strategy could
be to find solutions that do not require PEGylation or functionalization with other polymers
and create stealth behavior in other ways. One approach for a successful NC-based therapy
might be precoating the NC with stealth proteins. Precoating NC with clusterin can
successfully prevent IgG-adsorption and additionally reduces cellular internalization.*®
Therefore, precoating NCs may be utilized as a powerful method to reduce the influence of

an increased anti-PEG IgG adsorption on PEGylated NCs.

On the other hand, finding alternatives to PEG in terms of polymer functionalization could
be a promising approach. Multiple possible alternatives are already under investigation. For
example, polyphosphoesters®® 18 polysaccharides*® 1?°, or poly(2-oxazoline)s*?! 122 have
already proven a similar stealth behavior. Additionally, by incorporating a co-monomer
into PEG, it might be possible to retain the qualities of PEGylation but prevent anti-PEG
antibody binding. If and how PEG alternatives can prevent the accumulation of anti-PEG
antibodies or possibly newly formed antibodies in the protein corona needs to be further

evaluated.
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7 List of Abbreviations

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
BSA bovine serum albumin

ELISA enzyme-linked immunosorbent assay

EPR enhanced-permeation-and-retention

ESI electrospray ionization

PRRs pattern recognition receptors

Fab antigen-binding fragment

Fe crystallizable fragment

FCS fluorescence correlation spectroscopy
FITC fluorescein isothiocyanate

HPLC high-performance liquid chromatography
HRP Horseradish peroxidase

Dn hydrodynamic diameter

Ig immunoglobulins

IR infrared

LC-MS liquid chromatography—mass spectrometry
LNP lipid nanoparticles

LOD limit of detection

LOQ limit of quantification

MFI median fluorescence intensity

MST microscale thermophoresis

NNI National Nanotechnology Initiative of the U.S. Government
NC nanocarrier

PEG poly(ethylene glycol)
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PS-NP
Rn
SDS
SiNC
TI-2

TRIC

polystyrene nanoparticle
hydrodynamic radius
sodium dodecyl sulfate
silica nanocapsule
thymus independent

temperature related intensity change
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